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Preface 


Volume 90 contains seven cutting-edge reviews that will be of interest to crop 
and soil scientists as well as other professionals and students working in the 
plant, soil, and environmental sciences. Chapter 1 is a timely and comprehen- 
sive review of pathogens in biosolids. Topics that are discussed include: 
a historic perspective and current outlook; pathogens of concern in class B 
biosolids; and pathogen transport and survival in soil, water, and air. Chapter 2 
describes advances in crop water management using capacitive water sensors. 
Chapter 3 discusses the application of synchrotron-based infrared spectro- 
microscopy to the study of important biogeochemical reactions and processes 
in the environment. Chapter 4 covers the topic of “on-farm” seed priming 
as it relates to the production and management of various agronomic crops. 
Chapter 5 discusses research accomplishments and challenges related 
to modeling of metal adsorption on bacterial cell walls. Chapter 6 is a 
comprehensive review on alfalfa winter hardiness. Chapter 7 discusses the use 
of switchgrass as a bioenergy crop. 
I appreciate the excellent contributions of the authors. 


DONALD L. SPARKS 


University of Delaware 
Newark, Delaware 
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The world population of 6.8 billion people all produce sewage. In 
the developed world most of this is treated by the activated sludge process, 
which results in large volumes of sludge or biosolids being produced 
(NRC, 2002). This results in millions of tons of biosolids produced each 
year in the United States, which must either be disposed of or recycled 
in some manner. Land application has been seen as the most economical 
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and beneficial way of handling biosolids. Biosolids that result from muni- 
cipal wastewater treatment processes contain organic matter and nutrients 
that, when properly treated and applied to farmland, can improve the 
productivity of soils or enhance revegetation of disturbed ecosystems. How- 
ever, besides the documented benefits of land application, there are also 
potential hazards, which have caused the public response to the practice to 
be mixed. Here we review one of the potential hazards associated with 
biosolids and its land application, namely human pathogens associated 
with biosolids. © 2006, Elsevier Inc. 


I. BIOSOLIDS: A HISTORICAL PERSPECTIVE 
AND CURRENT OUTLOOK 


In the United States, land application of municipal wastewater 
and biosolids has been practiced for its beneficial use and for disposal 
purposes since the advent of modern wastewater treatment about 
160 years ago (NRC, 1996). In Britain, during the 1850s, “sewage farms” 
were established to dispose of untreated sewage. By 1875, about 50 farms 
were utilizing land treatment in England, as well as many other major 
cities in Europe. In the United States, sewage farms were established by 
about 1900. At this time, primary sedimentation and secondary biolo- 
gical treatment was introduced as a rudimentary form of wastewater treat- 
ment, and land application of “sludges” began. It is interesting to note that 
prior to modern activated sludge wastewater treatment, ‘“‘sludge” per se did 
not exist. As early as 1907, municipal sludge in Ohio was used as a fertilizer 
(NRC, 1996). Early on land application was carried out with little regard to 
pollution, with maximum rates of sludge applied to minimize the costs of 
sludge disposal. 

Since the early 1970s, more emphasis has been placed on applying sludge 
to cropland at an agronomic rate (Hinesly et al., 1972). In the 1970s and 80s, 
many studies were undertaken to investigate the potential benefits and 
hazards of land application, in both the United States and Europe. Ulti- 
mately in 1993, Federal regulations were established via the “Part 503 
Sludge Rule.” This document—“The Standards for the Use and Disposal 
of Sewage Sludge’—(EPA, 1993) was designed to “adequately protect 
human health and the environment from any reasonably anticipated adverse 
effect of pollutants.” As part of these regulations, two classes of treatment 
resulted in “Class A and Class B” biosolids, with different restrictions for 
land applications, based on the level of treatment. 
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Land application has increased since restrictions were placed on “ocean 
dumping disposal.” Sixty percent of all biosolids are land applied in the 
United States, with most land application in the United States utiliz- 
ing Class B biosolids (NRC, 2002). However, due to public concern over 
potential hazards, in some areas of the United States, land application of 
Class B biosolids has been banned. This is particularly true in California, 
where in many areas Class A land application has replaced Class B land 
applications. 


Il. THE NATURE OF WASTEWATER (SEWAGE) 


Domestic wastewater or sewage is a combination of human feces, 
urine, and graywater. Graywater results from washing, bathing, and meal 
preparation. Sewage sludge is defined in the Part 503 rule as the solid, 
semisolid, or liquid residue generated during the treatment of domestic 
sewage in a wastewater treatment plant (Box 1). The term biosolids is not 
used in the Part 503 rule, but EPA (1995) defines biosolids as “the primarily 
organic solid product yielded by municipal wastewater treatment processes 
that can be beneficially recycled” as a soil amendment. The term bio- 
solids has been controversial because of the perception that it was created 
to improve the image of sewage sludge in a public-relations campaign by the 
sewage industry. Here, we use the term biosolids to imply treatment 
of sewage sludge to meet the land-application standards in the Part 503 
rule. This definition was provided by the National Research Committee— 
“Biosolids applied to land: Advancing standards and practices” (2002). 





Box 1 
Definitions 


Sewage sludge: The solid, semisolid, or liquid residue generated during the 
treatment of domestic sewage in a treatment works. 
Biosolids: 


e EPA’s definition: The primarily organic solid product yielded by munici- 
pal wastewater treatment processes that can be beneficially recycled 
(whether or not they are currently being recycled). 

e NRC, 2002 committee’s definition: Sewage sludge that has been treated 
to meet the land-application standards in the Part 503 rule or any other 
equivalent land-application standards or practices. 
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It is estimated that approximately 5.6 million dry tons of sewage sludge 
are used or disposed of annually in the United States, of which approxi- 
mately 60% are used for land application (NRC, 2002). In some states, such 
as Arizona, 95% of the biosolids are land applied. However, EPA estimates 
that only approximately 0.1% of available agricultural land in the United 
States is treated with biosolids (NRC, 2002). 

Biosolids are applied to agricultural and nonagricultural lands as soil 
amendment because they can improve the chemical and physical properties 
of soils, and because they contain nutrients for plant growth. Land applica- 
tion on agricultural land is utilized to grow food crops, such as corn or 
wheat, and nonfood crops such as cotton. Nonagricultural land application 
includes forests, rangelands, public parks, golf courses, and cemeteries. 
Biosolids are also used to aid revegetation of severely disturbed lands, such 
as mine tailings or strip mine areas. 


HI. WASTEWATER (SEWAGE) TREATMENT 


Figure 1 provides a simplified schematic of how biosolids are produced as 
a result of wastewater treatment. Biosolids are a combination of primary 
sludge and secondary sludge, produced during the activated sludge process. 
Primary sludge results from the settling of solids as they enter a sewage 
treatment plant. Secondary sludge results from the conversion of soluble 
organic matter in the sewage to bacterial biomass. These two types of sludge 
are then combined and must be treated before land application. The final 
product is known as biosolids. 


A. Crass A Versus Crass B BrosoLips 


Biosolids are divided into two classes on the basis of pathogen content: 
Class A and Class B (Box 2). In essence, a higher level of treatment results 
in Class A biosolids, which has no detectable levels of pathogens. In contrast 
Class B biosolids, the result of a lower level of treatment, normally contain 
bacterial, parasitic, and viral pathogens (Box 2). 

A summary of Class A and B pathogen reduction requirements are shown 
in Box 3. Processes to significantly reduce pathogens (PSRP) are shown in 
Box 4. PSRPs are the treatment alternatives for Class B status. Processes to 
further reduce pathogens (PFRP) are shown in Box 5. To meet Class A 
requirements with respect to pathogens, there are six alternative treatments 
available, including treatment with any PFRP. In addition to one of the six 
requirements, the requirements of Box 2 must also be met. 
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Figure 1 Simplified scheme of biosolids production (From NRC, 2002). “Required by 
federal and state agencies; ’prior to dewatering, sewage sludge is conditioned and thickened 
by adding chemicals (e.g., ferric chloride, lime, or polymers). 





Class A biosolids are treated to reduce the presence of pathogens to below 
detectable levels and can be used without any pathogen-related restrictions 
at an application site. Class A biosolids can also be bagged and sold to the 
public as a fertilizer. Class B biosolids are also treated to reduce pathogens, 
but still contain detectable levels. Class B biosolids have site restrictions to 
minimize the potential for human and animal exposure until environmental 
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Box 2 
Part 503 Pathogen Density Limits Adapted from US EPA 2000 





Part 503 pathogen density limits 








Pathogen or indicator Standard density limits (dry wt.) 

Class A 

Salmonella 3 MPN per 4 g total solids 

Fecal coliforms <1000 MPN per g 

Enteric viruses <1 PFU per 4 g total solids 

Viable helminth ova <1 per 4 g total solids 

Class B 

Fecal coliform density <2,000,000 MPN per g total 
solids 











factors such as heat, sunlight, or dessication have reduced pathogens further. 
Class B biosolids cannot be sold, given away, or used at sites with public use. 
The overall concept here is that Class B biosolids plus site restrictions are 
equivalent to Class A biosolids with respect to the potential hazard of 
pathogens. The principal pathogens of concern in Class B biosolids are 
illustrated in Box 6. 


IV. REMOVAL OF PATHOGENS BY SEWAGE 
TREATMENT PROCESSES 


Compared with other biological treatment methods (i.e., trickling filters), 
activated sludge is relatively efficient in reducing the number of pathogens in 
raw wastewater. Primary sedimentation is more effective for the removal of 
the larger pathogens, such as helminth eggs, but solid-associated bacteria 
and even viruses are also removed. The greatest removal probably occurs by 
adsorption or entrapment of the organisms within the biological floc that 
forms. The ability of activated sludge to remove viruses is related to the 
ability to remove solids. This is because viruses tend to be solid associated 
and are removed along with the floc. Activated sludge typically removes 90% 
of the enteric bacteria and from 80 to 99% of the enteroviruses and 
rotaviruses (Rao et al., 1986) (See also Table I). Ninety percent of Giardia 
and Cryptosporidium can also be removed (Rose and Carnahan, 1992), being 
largely concentrated in the sludge. Because of their large size, helminth eggs 
are effectively removed by sedimentation and are rarely found in sewage 
effluent in the United States, although they may be detected in the sludge. 


PATHOGENS IN BIOSOLIDS 7 


Box 3 
Summary of Class A and Class B Pathogen Reduction Requirements 


Class A 

In addition to meeting the requirements in one of the six alternatives listed 
below, fecal coliform or Salmonella sp. bacteria levels must meet specific 
density requirements at the time of biosolids use or disposal, or when prepared 
for sale or give away. 


Alternative 1: Thermally treated biosolids 

Use one of four time-temperature regiments. 
Alternative 2: Biosolids treated in a high pH-high temperature process 

Specifies pH, temperature, and air-drying requirements. 
Alternative 3: For biosolids treated in other processes 

Demonstrate that the process can reduce enteric viruses and viable hel- 
minth ova. Maintain operating conditions used in the demonstration. 
Alternative 4: Biosolids treated in unknown processes 

Demonstration of the process is unnecessary. Instead, test for pathogens— 
Salmonella sp. or fecal coliform bacteria, enteric viruses, and viable helminth 
ova—at the time the biosolids are used or disposed of are prepared for sale or 
give away. 
Alternative 5: Use of PFRP 

Biosolids are treated in one of the Processes to further reduce pathogens 
(PFRP). 
Alternative 6: Use of a process equivalent to PFRP 

Biosolids are treated in a process equivalent to one of the PFRPs, as 
determined by the permitting authority. 


Class B 
The requirements in one of the three alternatives below must be met: 


Alternative 1: Monitoring of indicator organisms 

Test for fecal coliform density as an indicator for all pathogens at the time 
of biosolids use or disposal. 
Alternative 2: Use of PSRP 

Biosolids are treated in one of the processes to significantly reduce patho- 
gens (PSRP). 
Alternative 3: Use of processes equivalent to PSRP 

Biosolids are treated in a process equivalent to one of the PSRPs, as 
determined by the permitting authority. 

Source: EPA, 1994. 











Although the removal of the enteric pathogens may seem large, it is impor- 
tant to note that initial concentrations are also large (i.e., the concentration 
of all enteric viruses in 1 liter of raw sewage may be as high as 100,000 in 
some parts of the world) (Buras, 1974). 
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Box 4 
Processes to Significantly Reduce Pathogens (PSRPs) 


1. Aerobic digestion 

Biosolids are agitated with air or oxygen to maintain aerobic conditions for 
a specific mean cell residence time at a specific temperature. Values for the 
mean cell residence time and temperature shall be between 40 days at 20°C and 
60 days at 15°C. 
2. Air drying 

Biosolids are dried on sand beds or on paved or unpaved basins. The 
biosolids dry for a minimum of 3 months. During 2 of the 3 months, the 
ambient average daily temperature is above 0°C. 
3. Anaerobic digestion 

Biosolids are treated in the absence of air for a specific mean cell residence 
time at a specific temperature. Values for the mean cell residence time and 
temperature shall be between 15 days at 35°C to 55°C and 60 days at 20°C. 
4. Composting 

Using either the within-vessel, static aerated pile, or windrow composting 
methods, the temperature of the biosolids is raised to 40°C or higher and 
maintained for 5 days. For 4 h during the 5-day period, the temperature in the 
compost pile exceeds 55°C. 
5. Lime stabilization 

Sufficient lime is added to the biosolids to raise the pH of the biosolids to 12 
after 2 h of contact. 

Source: EPA, 1994. 











V. PATHOGENS OF CONCERN IN 
CLASS B BIOSOLIDS 


A. Bacteria 
1. Salmonella 


Salmonella is a very large group of bacteria comprising more than 2400 
known serotypes. All these serotypes are pathogenic to humans and can 
cause a range of symptoms from mild gastroenteritis to severe illness or even 
death. Salmonella are capable of infecting a large variety of both cold- 
and warm-blooded animals. Typhoid fever, caused by S. typhi, is an enteric 
fever that occurs only in humans and primates. In the United States, salmo- 
nellosis is primarily due to foodborne transmission since the bacteria are 
found in beef and poultry products and are capable of growing in foods. The 
pathogens produce a toxin that causes fever, nausea, and diarrhea, and 
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Box 5 
Processes to Further Reduce Pathogens (PFRPs) 


1. Composting 

Using either the within-vessel composting method or the static aerated pile 
composting method, the temperature of the biosolids is maintained at 55°C or 
higher for 3 days. 

Using the windrow composting method, the temperature of the biosolids is 
maintained at 55°C or higher for 15 days or longer. During the period when 
the compost is maintained at 55°C or higher, the windrow is turned a mini- 
mum of five times. 

2. Heat drying 

Biosolids are dried by direct or indirect contact with hot gases to reduce the 
moisture content of the biosolids to 10% or lower. Either the temperature of 
the biosolids particles exceeds 80°C or the wet bulb temperature of the gas in 
contact with the biosolids as the biosolids leave the dryer exceeds 80°C. 

3. Heat treatment 

Liquid biosolids are heated to a temperature of 180°C or higher for 30 min. 
4. Thermophilic Aerobic Digestion 

Liquid biosolids are agitated with air or oxygen to maintain aerobic con- 
ditions, and the mean cell residence time of the biosolids is 10 days at 55°C to 
60°C. 

5. B-Ray irradiation 

Biosolids are irradiated with f-rays from an accelerator at dosages of at 
least 1.0 megarad at room temperature (ca. 20°C). 
6. y-Ray irradiation 

Biosolids are irradiated with y-rays from certain isotopes, such as Cobalt 60 
and Cesium 137, at room temperature (ca. 20°C). 
7. Pasteurization 

The temperature of the biosolids is maintained at 70°C or higher for 30 min 
or longer. 

Source: EPA, 1994. 











may be fatal if not properly treated (Rusin et al., 2000). The number of 
Salmonella routinely found in Class B biosolids is approximately 1-400 g~! 
dry biosolids (Zaleski et al., 2005a). Because they have the potential to grow 
in biosolids, they are the bacteria of greatest concern in biosolids (Zaleski 
et al., 2005b). 


2. Shigella 


Shigella is closely related to Escherichia coli. Four species have been 
described: S. dysentariae; S. flexneri, S. boydii, and S. sonnei. S. dysentariae 
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Box 6 

Principal Pathogens of Concern in Class B Biosolids 
Bacteria Protozoa 
Salmonella sp. Cryptosporidium 
Shigella sp. Entamoeba histolytica 
Yersinia Giardia lamblia 
Vibrio cholerae Balantidium coli 
Campylobacter jejuni Toxoplasma gondii 
Escherichia coli 
Enteric viruses Helminth worms 
Hepatitis A virus Ascaris lumbricoides 
Adenovirus Ascaris suum 
Norovirus Trichuris trichirua 
Sapporovirus Toxocara canis 
Rotavirus Taenia saginata 
Enteroviruses Taenia solium 
e Polio viruses Necator americanus 
e Coxsackie viruses Hymenolepis nana 


e Echoviruses 

e Enteroviruses 68-91 
Reoviruses 
Astroviruses 

Hepatitis E virus 
Picobirnavirus 











causes the most severe disease and S. sonnei causes the mildest symptoms. 
Fortunately, S. sonnei is the serotype most often found in the United States 
(Lee et al., 1991). The only source of the organism is believed to be of 
human origin. The organism is often found in water polluted with human 
sewage and is transmitted by the fecal—oral route. Surveillance data from 
the Centers for Disease Control and Prevention (CDC) between 1972 
and 1985 showed that Shigella was the second most common cause of 
waterborne disease outbreaks of known cases, following Giardia lamblia 
(a parasite). An estimated 300,000 cases of shigellosis occur annually in the 
United States. Shigella is also associated with certain foods such as salads, 
raw vegetables, milk and dairy products, and poultry. After an onset time 
of 12-50 h, symptoms of abdominal pain, cramps, and diarrhea appear. 
However, most cases of shigellosis are the result of person-to-person trans- 
mission through the fecal—oral route, due to its relatively low infectious dose. 
Shigella spp. were shown to have a half-time die-off rate in fresh water at 
9.5-12.5°C of 22.4-26.8 h (McFeters et al., 1974). In well water, 50% of 
S. flexneri cells die off in 26.8 h (Gerba et al., 1975). It occurs at concentra- 
tions much lower than other enteric bacteria pathogens in raw sewage sludge 
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Table I 
Pathogen Removal During Sewage Treatment 


Enteric Crypto- 
viruses Salmonella Giardia sporidium 





Concentration 10°-10° 5000-80,000 9000-—200,000 1-3960 
in raw sewage 
(number per 
liter) Removal 
during Primary 
treatment” 
Percent removal 50-98.3 95.8-99.8 27-64 0.7 
Number 1700-500,000 160-3360 72,000-146,000 
remaining (1~') 
Secondary 
treatment” 
Percent removal 53-99 .92 98.65-99.996 45-96.7 
Number 80-470,000 3-1075 6480-109,500 
remaining (1~') 
Secondary 
treatment® 
Percent removal 99.983—99.999,999,8 —99.99-99.999,999,995 98.5-99.999,95 2.74 
Number 0.007-170 0.000,004—7 0.099-2951 
remaining (17!) 


“Primary sedimentation and disinfection. 

Primary sedimentation, trickling filter or activated sludge, and disinfection. 

“Primary sedimentation, trickling filter or activated sludge, disinfection, coagulation, filtration, 
and disinfection. 

“Filtration only. 

Adapted from Yates (1994); Robertson et al. (1995); Modore et al. (1987), Environmental 
Microbiology 

© Academic Press, San Diego, CA. 


(Straub et al., 1993b). Since Shigella do not survive well in the environment 
or after treatment of biosolids, they are unlikely to be a significant problem 
in biosolids. 


3. Escherichia coli 


Escherichia coli is found in the gastrointestinal tract of all warm-blooded 
animals and is usually considered a harmless commensal organism. How- 
ever, several strains are capable of causing gastroenteritis; these are referred 
to as enterotoxigenic (ETEC); enteropathogenic (EPEC); enteroinvasive 
(EIEC); or enterohemorrhagic (EHEC) E. coli. All of these types are spread 
by the fecal—oral route of transmission. 
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Several types of E. coli are pathogenic to human. Enterohemorrhagic 
E. coli of the serotype 0157:H7 has been of the greatest concern in the 
United States. Exposure to contaminated drinking water, recreational 
water, and food has resulted in numerous outbreaks of diarrhea and, in 
some cases, mortality in young children because of hemolytic uremia syn- 
drome. Exposure to both human and animal wastes has been associated with 
most outbreaks, as cattle are the most significant source of exposure (Rice, 
1999). This strain of E. coli produces a toxin, which damages the kidneys and 
can be life threatening. E. coli 0157:H7 has been found in domestic waste- 
water and has been detected in biosolids (Lytle et al., 1999). Sahlstrom et al. 
(2004) reported detecting it in 2% of the raw sewage sludge samples in 
Sweden and 0% of 69 samples of treated sludge (i.e., composting, thermo- 
philic, and mesophilic digestion). Risks of infection from land-applied ani- 
mal manures probably represent the greatest risk (Strachan et al., 2002). 
Little data is available on the concentration and potential for growth of this 
pathogen in treated biosolids in the United States. 


4. Campylobacter 


Campylobacter jejuni is a gram-negative curved rod. It is relatively fragile 
and sensitive to environmental stress, however, it is the leading cause of 
bacterial diarrheal illness in the United States. It is often isolated from 
healthy cattle, chickens, birds, and even flies, and as a result, can be isolated 
from rivers and streams. Food is the major source of infection. C. jejuni 
infections cause diarrhea with fever, abdominal pain, nausea, headache, and 
muscle pain. The illness usually occurs 2-5 days after the ingestion of the 
contaminated food or water. Illness generally lasts 7-10 days, but relapses 
are not uncommon. 

Very few studies have been performed on the occurrence of Campylobacter 
in sewage sludge. Jones et al. (1990) found number of Campylobacter as high 
as 42,000 ml~' of raw sewage sludge, but were almost undetectable in anaero- 
bically digested sludge before land application (8% of samples positive). 
Survival experiments suggested rapid inactivation of the Campylobacter in 
digested sludge. Stampi et al. (1999) reported concentrations ranging from 
278 to 1403 MPN g ' dry weight in primary sewage. However, Campylobacter 
was not detected in anaerobically digested sludges. Sahlstrom et al. (2004) 
reported isolating C. jejuni in 20% of raw sewage sludge samples and only in 
2 of 69 treated samples (digested or composted). Other studies have also 
demonstrated that Campylobacters in sludge are eliminated by digestion 
processes (Stampi et al., 1999; Stelzer et al., 1991). In contrast, Horan 
et al. (2004) reported minimal reduction (0.36 log) in laboratory experi- 
ments, focusing on mesophilic digestion of raw sludge spiked with C. jejuni. 
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However, the authors noted spiked C. jejuni in the treated biosolids. Arco- 
bacter spp. are a genus belong to the Campylobacteraceace that have the 
ability to grow at 15°C. This is a distinctive feature that differentiates 
them from the Campylobacter spp. While their role in human disease is 
unclear, intestinal outbreaks of disease have been associated with Arobacter 
butzleri (Lehner et al., 2005). They are present in large numbers in raw 
sewage sludge and survive anaerobic digestion (7649 g per dry weight) 
(Stampi et al., 1999). 


5. Yersinia 


Yersinia enterocolitica and Y. pseudotuberculosis are small rod-shaped 
gram-negative bacteria. Both organisms have often been isolated from ani- 
mals such as pigs, birds, beavers, cats, and dogs. Only Y. enterocolitica has 
been detected in environmental and food sources such as ponds, lakes, 
meats, ice cream, and milk. To date, no foodborne outbreaks caused by 
Y. pseudotuberculosis have been reported in the United States, but human 
infections transmitted via contaminated water and foods have been reported 
in Japan. Food, especially pork products, is the major source of Y. entero- 
colitica infections in the United States, although waterborne outbreaks have 
also occurred (Bhaduri et al., 2005). These infections are far less common 
than Salmonella and Campylobacter in the United States. 

Symptoms usually begin 24-48 h after ingestion of contaminated food or 
drink. Yersiniosis is frequently characterized by such symptoms as gastro- 
enteritis with diarrhea and/or vomiting. However, fever and abdominal pain 
are the hallmark symptoms. Yersinia infections mimic appendicitis, but the 
bacteria may also cause infections of other sites such as wounds, joints, and 
the urinary tract (Rusin et al., 2000). 

Environmental transmission of Y. entreocolitica appears to be uncom- 
mon, although several waterborne outbreaks have been suspected (Percival 
et al., 2004). It has been detected in raw, digested, and dewatered biosolids 
(Straub et al., 1993b), but little is know about its occurrence and survival in 
the environment. 


6. Other Potential Bacterial Pathogens 


a. Listeria montocytogenes. L. montocytogenes is primarily a food- 
borne pathogen that causes an invasive disease in immunocompromised 
people. It has a predilection for pregnant women and potentially lethal 
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consequences for the fetus and the newborn. Animals are also infected by 
these organisms. L. montocytogenes has been detected frequently in sewage 
sludge and in activated and anaerobically digested biosolids (DeLuca et al., 
1998; Watkins and Sleath, 1981). For that reason, DeLuca et al. (1998) 
suggested that biosolids should not be applied to vegetable crops. Crop 
contamination was observed in Iraq, where sewage-sludge cake was applied 
(Al-Ghazali and Al-Azawi, 1990). A risk-assessment model is available to 
evaluate the health risks associated with L. montocytogenes in contaminated 
food (Lindquist and Westoo, 2000). 


b. Helicobacter pylori. H. pylori is a major cause of stomach ulcers in 
humans and is associated with an increased risk of stomach cancer. Epide- 
miological evidence indicates that contaminated water and uncooked foods, 
particularly vegetables irrigated with untreated wastewater, are associated 
with increased risk of infection (Brown, 2000). H. pylori has been detected in 
wastewater, but current methods are difficult to apply to environmental 
samples and no studies on its occurrence in biosolids have yet been reported. 


c. Legionella spp. Legionella spp. are associated with a potentially life- 
threatening respiratory illness, often more commonly associated with the 
elderly or immunocompromised. Legionella is also associated with a milder 
fever and flulike illness, called Pontiac Fever. Outbreaks usually occur 
following growth of the organism in cooling towers of buildings or thermally 
heated water. However, outbreaks also have been associated with com- 
posted potting mixes (Okazaki et al., 1998). An outbreak of Pontiac Fever 
was reported among sewage treatment-plant workers, repairing a decanter 
for sewage sludge concentration (Gregersen et al., 1999). Positive antibody 
titers to L. pneumophilia were found in all the ill workers, and high concen- 
trations were isolated from biosolids. Legionella has also been detected in 
aerosols at sewage treatment plants (Stampi et al., 2000). Legionella spp. 
grow at temperatures of 40°C, and survival at higher temperatures is also 
possible. 


d. Staphylococcus aureus. Speculation has arisen about the possibility 
of S. aureus illness due to land-applied biosolids. Although not always 
considered normal human microflora, S. aureus is nonetheless found on 
the skin and within the nasopharynx of a large number of people (McGinley 
et al., 1988; Noble, 1998; Voss, 1975; Welbourn et al., 1976). Some skin 
conditions associated with this bacteria include atopic dermatitis, a superfi- 
cial inflammation of the skin (Nishijima et al., 1995). It is uncertain whether 
S. aureus has a specific pathogen role in atopic dermatitis or its presence 
represents an opportunistic colonization at a site rendered more susceptible 
by an underlying condition, thus, complicating the clinical management 
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of these conditions. Eczema is another inflammatory skin condition that may 
have a S. aureus link. Eczema is characterized by redness, itching, and oozing 
lesions that can become scaly, crusted, or hardened. Increased severity and 
spreading of the condition has been associated with a cytotoxic effect of 
antibacterial antibody and complement reacting with bacterial antigens on 
skin cells (Welbourn et al., 1976). 

The incidence of S. aureus in sewage was documented by Rusin et al. 
(2003). However, that study also provided evidence for the absence of 
S. aureus in biosolids. Specifically, 23 different biosolid samples (7 Class A 
and 16 Class B) were collected from 15 sites across the United States. 
Analysis for S. aureus demonstrated that although S. aureus was found in 
raw sewage, it was never found in biosolids. Analyses of 37 air samples were 
also negative for S. aureus. These results suggest that biosolids are not a 
likely source of S. aureus human exposure or infection. 


B. ENTERIC Viruses 


Many human viruses may infect the gastrointestinal tract and be excreted 
in the feces into the environment (Table II). It has been estimated that an 
individual with an enteric viral infection may excrete 10'! viral particles per 
gram of feces. Once in the environment, viruses can reach water supplies, 
recreational waters, crops, and shellfish through sewage, land runoff, solid 
waste landfills, and septic tanks. 

Diseases caused by enteric viruses range from trivial to severe, or even 
fatal. The viruses that are detected most often in polluted water are the 


Table II 
Human Enteric Viruses 


Enteroviruses 
Poliovirus 
Coxsackie virus 
Echoviruses 
Enteroviruses (68-91) 

Hepatitis A virus 

Reoviruses 

Rotaviruses 

Adenoviruses 

Astroviruses 

Torovirus 
Hepatitis E virus 
Norovirus 
Saroprovirus 
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enteroviruses, however, this may be due to its ease of detection via animal 
cell culture. However, several studies have shown that adenoviruses (Hurst 
et al., 1988), rotaviruses, and hepatitis A virus (HAV) (Moore et al., 1993) 
can also be found in polluted water. 


1. Adenoviruses 


Adenoviruses are one of the most common and persistent viruses detected 
in wastewater (Enriquez et al., 1995). Enteric adenoviruses have been 
detected in Class B biosolids (Sabalos, 1998), and adenovirus type 40 has 
been detected in anaerobically digested biosolids. Some adenoviruses cause 
primarily respiratory diseases and others appear to be only enteric patho- 
gens. They are a common cause of diarrhea and respiratory infections in 
children. In immunosuppressed cancer patients, enteric adenoviruses cause 
serious infections, resulting in case fatalities of up to 50% (Gerba et al., 
1996). Adenoviruses have been transmitted by recreational and drinking 
waters (Kukkula et al., 1997; Papapetropoulou and Vantarakis, 1998). 


2. Hepatitis A and E Viruses 


These viruses are now classified as two distinct groups of picornaviruses 
(small RNA viruses). Hepatitis E has caused major waterborne-disease out- 
breaks in developing countries but is not believed to be a serious problem in 
the Untied States. It has been reported to grow in cell culture (Wei et al., 
2000). Hepatitis A has long been known to be transmitted by food and water, 
but no work has been done on its occurrence in biosolids. Cell-culture meth- 
ods are available for its growth in the laboratory and detection in the envi- 
ronment. It is very stable at high temperatures (Croci et al., 1999) and has 
prolonged survival in the environment (Enriquez et al., 1995). Hepatitis A 
virus has been detected by polymerase chain reaction (PCR) in biosolids, but 
the effectiveness of various treatments has not been studied (Graff et al., 
1993). There have been no reported studies on the occurrence of hepatitis E 
virus in biosolids, although they have been detected in swine manure slurry 
in the United States (Kasorndorkbua et al., 2005). 


3. Astroviruses and Rotaviruses 
Astroviruses are a cause of gastroenteritis primarily in children and have 


been associated with foodborne and waterborne outbreaks. They have been 
detected in water, wastewater, and biosolids (Chapron et al., 2000). 
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Rotaviruses are a leading cause of gastroenteritis in children and a major 
cause of hospitalization of children in the United States (Gerba et al., 1996). 
Rotaviruses are responsible for waterborne and foodborne outbreaks in 
the United States. They have been detected in wastewater, but few data 
are available on their occurrence in biosolids (Hejkal et al., 1984). Both 
astroviruses and rotaviruses can be grown in cell culture. 


4. Calicivirus 


Caliciviruses infect both humans and animals, but no evidence suggests 
that they infect across species. Human caliciviruses have been divided 
into two genera—the Noro viruses and the Sapporo viruses (Green et al., 
2000). These viruses are believed to be a major cause of viral gastroenteritis 
(Deneen et al., 2000; Monroe et al., 2000) and are common causes of 
foodborne and waterborne disease. Little is known about the occurrence 
and environmental fate of these viruses because they cannot be grown in cell 
culture. Methods, using PCR, are available for their detection in environ- 
mental samples, but a viability assay is not available (Huang et al., 2000). 
Feline caliciviruses (FCV) and a primate calicivirus (PAN-1) can be grown in 
cell culture and have been used as models for human calicivirus survival and 
removal by water-treatment processes (Dawson et al., 1993). 


5. Enteroviruses 


These are members of the family Picornaviridae and include poliovirus; 
Coxsackie virus; echovirus, and enteroviruses 69-91. The most common 
form of transmission include the fecal—oral and respiratory routes of infec- 
tion. They are responsible for a wide variety of illnesses in humans, including 
meningitis, myocarditis, febrile illness, paralysis, respiratory infections, cer- 
tain types of diabetes, and eye and skin infections. Because most are easily 
grown in cell culture, more is known about the occurrence and fate of these 
viruses in the environment. Poliovirus type 1 is perhaps the most studied 
enteric virus because it grows well in cell culture and a vaccine strain is 
available, which reduces biohazard concerns. Enteroviruses may survive for 
many weeks in the environment and are commonly isolated from wastewater 
and raw biosolids. The methods recommended for virus detection in bioso- 
lids in the 503 regulations are largely designed to detect enteroviruses. In 
general, enteroviruses are reduced by at least 90% during aerobic or anaero- 
bic sludge digestion and other Class B processes. Class A processes will 
reduce them to below detection level in 4-g dry solids (Straub et al., 1993b). 
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6. Other Viruses of Concern 


Because of advances in molecular biology, the number of viruses detected 
in water and wastewater continues to increase almost on a yearly basis. In 
many cases, the association with a particular disease or their potential for 
environmental transmission remains unclear. For example, JC virus, asso- 
ciated with mental illness in AIDS patients, is detectable in wastewater by 
molecular methods (Bofill-Mas et al., 2003). Other viruses found in waste- 
water, such as circoviruses, have not yet been clearly shown to be associated 
with any particular illness (Biagini, 2004). 

Blood borne and respiratory viruses can also be detected in wastewater and 
biosolids. How easily these viruses can be transmitted by wastewater is 
unclear. An epidemiological association between past hepatitis B infection 
and sewage workers has been demonstrated in at least one study (Arvanitidou 
et al., 2004). Ansari et al. (1992) failed to detected the human immuno- 
deficiency virus (HIV) RNA using reverse transcriptase PCR (RT-PCR) in 
several samples of raw sludge from an oxidation ditch, but was able to detect it 
in raw wastewater. It appears to be rapidly inactivated in the sewage and has 
not been detected in treated wastewater (Moore, 1993). Severe acute respira- 
tory illness (SARS) virus is excreted in large numbers in the feces of infected 
individuals and has been detected in sewage by PCR, but no infectious virus 
was detected (Wang et al., 2005). The virus appears to survive only a day or 
two in sewage at room temperature (Wang et al., 2005). 


C. Protozoan PATHOGENS 


Cryptosporidium and Giardia are the protozoan parasites most often 
associated with food and waterborne transmission in the United States. 
They are parasites of the small intestine that cause diarrhea and have environ- 
mentally resistant stages called cysts or oocysts. Cryptosporidium oocysts and 
Giardia cysts have been detected in products of wastewater treatment, such as 
anaerobically digested sewage sludge (Chauret et al., 1999; Rimhanen-Finne 
et al., 2004), and in biosolids (Bean and Brabants, 2001). In one study, the 
concentration of Cryptosporidium oocysts was 2.8 and Giardia cysts 12.8 per 
gram of wet, dewatered, and anaerobically digested biosolids (Chauret et al., 
1999). The methods used to detect the cysts and oocysts did not determine 
viability. The viability of Cryptosporidium parvum oocysts, inoculated into 
aerobic and anaerobic digesters determined by Bowman et al. (2000), was 
investigated. The digesters were maintained at 37°C, 47°C, and 55°C, with 
10-day detention times. Oocysts were added to each digester in a single spike 
or in chambers placed in the digesters for varying periods. Oocysts were 
inactivated very rapidly in all systems as determined by a dye permeability 
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assay, >99% inactivated after 10 days at 37°C, 4 days at 47°C, and 2 days at 
55°C. Robertson et al. (1995) found that 90% of the Cryptosporidium oocysts 
were viable after 18 days of mesophilic digestion and that the oocysts could 
survive for at least 30 days in sludge-treated soil. However, dye-staining 
methods were used, which may overestimate viability (Schets et al., 2005). 
Because oocysts are rapidly inactivated under drying conditions, they would 
not be expected to survive for very long in low moisture content, such as 
conditions prevalent during post land application (Robertson et al., 1992). 

Overall protozoan cysts appear to present little risk of transmission from 
land application of biosolids. They are not as heat resistant as the enteric 
viruses, and are more likely to be inactivated during drying conditions. 
However, better data, using newer cell-culture methods to assess viability 
(Slifko et al., 1999), should be conducted on naturally occurring oocysts to 
confirm this assumption. 

Microsporidia are obligate intracellular parasites (e.g., Encephalitozoon 
spp.) that have been associated with gastrointestinal illness in patients with 
acquired immunodeficiency syndrome (AIDS) and in some healthy indivi- 
duals. Dowd et al. (1998a) confirmed the presence of the human-pathogenic 
microsporidia Enterocytozooon bieneusi, Encephalitozoon intestinalis, and 
Vittaforma corneae in water and tertiary sewage effluent. One waterborne 
outbreak has been described (Cotte et al., 1999). Of over 1200 species 
described, only 14 have been associated with human infections. At least 
three of the species that infect humans grow in animal cell culture (Wolk 
et al., 2000), but no method is available to assess infectivity in environmental 
samples. The spores of the microsporidia are not unusually resistant to heat 
(Koudela et al., 1999). 


D. HELMNTEHS 


The US EPA considered the human pathogens Ascaris lumbricoides, 
Trichuris trichiura, Taenia saginata, Taenia solium, Necator americanus, and 
Hymenolepsis nana in establishing the pathogen standards of the Part 503 
rule. Also included were two animal pathogens Ascaris suum (of pigs) and 
Toxocara canis (of dogs). Human infections with A. lumbricoides, T. trichiura, 
and H. nana are obtained through direct consumption of embryonated eggs. 
T. saginata infections in people are typically acquired from the ingestion of 
beef, however, the eggs of this organism have been detected in some biosolids 
(Barbier et al., 1990). The eggs of Taenia solium are infectious to pigs, but 
also are capable of producing larvae that infect people and can cause central 
nervous system disease (Bale, 2000). Humans who ingest the eggs of A. suum 
of pigs can develop pneumonic, asthmalike signs and can develop a few single 
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adult worms. People who eat the eggs of T. canis can develop visceral or 
ocular larva migrans, syndromes that occur mainly in children who eat con- 
taminated soil (Overgaauw, 1997; Taylor, 2001). 

Worldwide, it has been estimated that 1 billion people are infected with 
Ascaris (Bowman and Fayer, 2005). Although the infection is uncommon in 
the United States, a study of stools submitted by state diagnostic labora- 
tories in 1987 in the United States indicated an incidence of 8% for Ascaris 
lumbrocoides (Kappus et al., 1994). The concentration and occurrence of 
A. varies widely depending on the incidence in the community from which 
the sewage is obtained. Studies done before the 503 regulations in the United 
States found concentrations of viable ova in raw sewage sludge to average 
9.6 g per dry weight in the southeastern states and 0.7 g per dry weight 
in northern states (and that only 48% of the time) (Bowman and Fayer, 
2005). In contrast, Jimenez et al. (2002) reported concentration of A. ova of 
66-136 g per dry weight. They also reported significantly greater concentra- 
tions of enteric pathogens, probably because of the greater incidence of these 
infections in Mexico than the United States. In the Czech Republic, Horak 
(1992) reported 0.024-0.1 g`! per dry weight. In France, Schwartzbrod and 
Banas (2003) detected viable nematodes (Toxocara, Trichuris, Capillara, and 
Ascaris) in 69.5% of 194 samples of undigested activated sludge from 20 
wastewater treatment plants. The concentration of viable nematode eggs 
ranged from <0.25 to 7 g per dry weight. In contrast, Thomaz-Soccoi 
et al. (1997) in Brazil, detected 4.85 helminth eggs gram per dry solids in 
raw sewage sludge. 

Ascaris ova are among the most environmentally resistant of intestinal 
pathogens. In temperate climates, ova have been found to remain viable for 
up to 7 years in the soil (Smith et al., 1999). The T-90 die-off times for sludge 
applied to land in Texas, Ohio, and Louisiana was about 3 years (Little 
et al., 1991). When the sludge was not tilled into the soil, it took only about 
2-10 months before 90% of the eggs were inactivated. Mizgajska (1994) 
showed that eggs applied to the soil tended to stay in the first 10 cm, and 
no matter what soil type was examined, there were viable eggs present 
in samples of all soils collected 17 months after application. Mesophilic 
anaerobic digestion will reduce Ascaris egg viability by 30-50% (Bowman 
and Fayer, 2005), but Class A treatments are needed to cause significant 
reductions. 

T. trichiura (human whipworm) is another helminth having a very en- 
vironmentally stable egg. Anaerobic and aerobic digestion have no marked 
effect on its viability, however, Class A treatments should inactivate these 
parasites (Bowman and Fayer, 2005). Field studies suggest they are capable 
of remaining viable in soil in temperature climates for at least 1.5-2.5 years 
(Burden and Hammet, 1979; Burden et al., 1976). 
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Concerns have been raised about roundworm Baylisascaris procyonis. 
The egg of this worm is similar to that of the related Ascaris spp., and the 
ingestion of the eggs of this parasite can cause severe neurological and ocular 
disease in humans and has been linked to some fatalities (Sorvillo et al., 
2000). However, eggs of B. procyonis have not as yet been identified in 
biosolids. 


E. Ovuer BioLtocicaL CONCERNS IN BIOosoLips 
1. Antibiotic-Resistant Bacteria 


Bacteria are prokaryotic organisms with the ability to metabolize and 
replicate very quickly. They are also very adaptable, genetically. When 
confronted with an antibiotic, there need only be one bacterial cell with a 
genetic or mutational change that confers resistance to that antibiotic, which 
subsequently allows for the proliferation of antibiotic-resistant bacteria 
(ABRs). Thus, the more that antibiotics are used, the greater the likelihood 
of antibiotic-resistant strains developing. The greatest concern with antibi- 
otic resistance is the potential for human pathogenic strains to become 
resistant to overused antibiotics, which subsequently cannot contain the 
infectious agent. The widespread, sometimes indiscriminant, use of antibio- 
tics has raised the question: “Can antibiotic-resistant genes be transferred 
from nonpathogenic bacteria to human pathogenic strains?” 

Brooks (2004) evaluated the incidence of ABRs in biosolids and a variety 
of other environmental samples and foodstuffs. Table III and Fig. 2 show 
that Class B biosolids did not contain unusually high numbers of ABRs, and 
that in fact, the relative incidence was less than that found in pristine soil. 
ABR concentrations were also much lower than those found in common 
foodstuffs. Given that food is consumed to a far greater extent than is physical 
contact with biosolids, foodstuffs could be a greater threat to human health 
and welfare than any possible association with biosolids, with respect to 
ABRs. Finally, note that gene transfer in soil is a relatively infrequent event 
without selective pressure (Neilson et al., 1994), thereby, further minimizing 
the risk of antibiotic-resistant gene transfer to human pathogenic bacteria. 


2. Endotoxin 


Endotoxin, or lipopolysaccharide (LPS) derived from the cell wall of 
gram-negative bacteria is a highly immunogenic molecule that when intro- 
duced directly into the bloodstream has demonstrated the ability to cause a 
broad range of health effects such as fever, asthma, and shock (hence the 
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Table III 
Comparison of Environmental and Food Samples, Antibiotic-Resistant Percentage 
of Total Culturable Heterotrophic Plate Count Bacteria 


Antibiotic resistant (%) 








Sample Ampicillin? Cephalothin? Ciprofloxacin? Tetracycline 
Biosolids 4.3 21.2 1.8 1.9 
Composted manure 0.0 0.3 0.0 0.3 
Compost 9.7 21.8 3.4 1.2 
Fresh manure 0.2 0.7 1.1 0.3 
Pristine soil 8.1 10.1 3.1 2.4 
Dust 4.9 7.8 8.3 11.2 
Ground water 60.3 41.2 22.9 21.0 
Raw chicken 47.1 60.3 0.0 0.0 
Raw ground beef 16.3 8.7 2.0 3.9 
Head lettuce 29.9 35.8 1.5 4.5 
Shredded lettuce 14.9 10.5 0.0 0.3 
Tomato 0.6 20.6 0.2 0.3 
Tap water 6.4 6.8 6.6 7.9 


“Ampicillin (32 ug ml~'), cephalothin (32 pg ml~'), ciprofloxacin (4 ug ml~'), and tetracycline 
(16 ug ml). 
From Brooks (2004). 


suffix “‘toxin’’) (Bradley, 1979; Michel, 2003; Olenchock, 2001). Lipopoly- 
saccharide is present ubiquitously throughout the environment, as gram- 
negative bacteria continuously release LPS during both cell decay and active 
cell growth. Most surfaces contain some traces of endotoxin due to dust- 
associated endotoxin, and therefore most human populations come into 
contact with some endotoxin (Gereda et al., 2001; Sharif et al., 2004). Al- 
though endotoxin is present in “everyday” environments, it is primarily of 
concern as an aerosol, since most human ailments are pulmonary associated. 

Exposures to aerosolized endotoxin have been specifically studied regard- 
ing occupational exposures from cotton dust, composting plants, and feed 
houses (Castellan et al., 1987; Clark et al., 1983; Donham et al., 2000; 
Epstein, 1994; Rylander et al., 1983; Smid et al., 1992). Exposures to levels 
of endotoxin as little as 0.2 endotoxin unit (EU) m~°, derived from poultry 
dust, have been found to cause acute pulmonary ailments such as decreases 
in forced expiratory volume (FEV) (Donham et al., 2000). Chronic effects, 
such as asthma and chronic bronchitis, have been found to be due to 
exposures of endotoxin from cotton dust as little as 10 EU m™? on a daily 
basis (Olenchock, 2001). 

Past studies, conducted regarding environmental exposures to endotoxin, 
have used methods such as membrane trapping of aerosolized endotoxin. 
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A study compared methods of aerosolized endotoxin collection between 
traditional membrane trappings and collection via impingement (Duchaine 
et al., 2001). Results suggest differences between the two methods, and that 
impingement may result in higher percentage recoveries and greater preci- 
sion. This study focused on aerosolized endotoxin exposure in occupational 
settings, specifically swine barns and sawmills. It was shown that swine barns 
were found to contain mean concentrations of endotoxin ten times greater 
than that of sawmills, 4385 and 740 EU m~? respectively. Endotoxin con- 
centration ranged from 208 to 17,063 EU m ° for sawmills, and from 2026 
to 11,297 EU m ? for swine barns as collected by impingement sampling. 
Composting sites have also been studied with respect to endotoxin expo- 
sures; although most sites have been shown to contain concentrations of 
aerosolized endotoxin greater than that of background levels, these levels 
were thought to be within safe limits, <1000 EU m ° (Rylander et al., 1983). It 
was suggested by the authors that no more than a maximum air concentration 
of 1000 EU m ° should be considered safe until additional studies have been 
conducted. A study conducted by Clark et al. (1983) determined aerosolized 
endotoxin concentrations from a composting plant to be between 10 and 400 
EU m ~. It is important to note that despite the presence of endotoxin within 
these sites, there was no evidence of residential impact, since beyond the 
composting site boundaries levels regressed to background concentrations. 
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Figure 2 Heterotrophic plate count bacteria (HPC) and antibiotic-resistant bacteria from 
common consumables and environmental samples. Resistant Antibiotic Concentrations: ampi- 
cillin (32 ug ml~!), cephalothin (32 pg ml~!), ciprofloxacin (4 ug m17’), and tetracycline 
(16 pg ml~'). From Brooks (2004). 
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Table IV 
Aerosolized Endotoxin Concentrations Detected Downwind of Biosolids Operations, 
a Wastewater Treatment Plant Aeration Basin, and a Tractor Operation 


Aerosolized endotoxin 





Number of Distance 





samples from Median Minimum Maximum 
Sample type collected site (m) Avg’ (EU m*“) (EUm™) (EU m™) 
Background 12 NA‘ 2.6 2.49 2.33 3.84 
Biosolids operations 
Loading 39 2-50 343.7 91.5 5.6 1807.6 
Slinging 24 10-200 33.5 6.3 49 14.29 
Biosolids pile 6 2 103 85.4 48.9 207.1 
Total operation 33 10-200 133.9 55.6 5.6 623.6 
Wastewater treatment plant 
Aeration basin 6 2 627.3 639 294.4 891.1 
Nonbiosolids field 


Tractor 6 2 469.8 490.9 284.4 659.1 


“Avg—average; EU m *—endotoxin units per cubic meter, NA—not applicable. 
Source: Brooks, J. P. (2004). “Biological aerosols generated from the land application of biosolids: 
Microbial Risk, Assessment.” Ph.D. Dissertation, The University of Arizona, Tucson, AZ. 


Endotoxin concentrations in a variety of environmental samples were 
investigated by Brooks et al. (2006) who showed that the endotoxin levels 
in Class B biosolids were similar in magnitude to that of other wastes, 
including animal manures and compost. Since the relevance of this to 
human health is via inhalation, the potential for aerosolization of endotoxin 
during land application has also caused concern. 

In soils, bacterial concentrations routinely exceed 10° g~!, with a majority 
of bacteria being gram-negative. Soil particles containing sorbed microbes 
can be aerosolized and hence act as a source of endotoxin. Farming opera- 
tions, such as operating a tractor across a field, have been shown to result 
in endotoxin levels of 469 EU m~? (Brooks et al., 2006). These values 
are comparable to those found during land application of biosolids opera- 
tions (Table IV). Therefore, farming operations can result in endotoxin 
aerosolization, regardless of whether biosolids are involved. 


3. Prions 


Concern about prions has arisen with the advent of prion animal diseases, 
such as bovine spongiform encephalopathy (BSE), in the United Kingdom 
and other parts of Europe. The BSE prions concentrate in an animal’s brain 
and spinal cord, but they have been detected only in sheep blood at low 
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concentrations. Animal manure would have no or low concentrations of 
BSE prions except possibly for wastes from slaughterhouses (Ward et al., 
1984). However, the presence of prions in such wastes is uncertain (EPA, 
2001). Prions are generally transmitted from animal to animal (cow to cow, 
sheep to sheep). The risk of prion transmission to biosolids from animals is 
low but can increase with the presence of small amounts of neural tissues or 
placenta coming from slaughter houses. At present, there has been little 
evidence of prion-contaminated manures in the United States. 

Prions are very difficult to inactivate and require rigorous treatment 
(Godfree, 2001). The higher the solids content of the waste, the more 
rigorous the treatment required (EPA, 2001). Prions are resistant to high 
temperatures; scrapie prions are inactivated at temperatures of 100°C or 
above. At 121°C, only 0.01% of the prions were resistant to thermal inacti- 
vation (Rohwer, 1984). Prions have been reported to survive boiling and 
autoclaving (EPA, 2001). Prion survival at increased temperatures, coupled 
with chemical or biological treatment associated with biosolids processing 
has not been studied. In addition, no data are available to directly assess 
prion survival through sewage-sludge treatment processes. 

Gale and Stanfield (2001) conducted a risk analysis on the potential for 
the transmission of BSE to cattle and via vegetables from the land applica- 
tion of sewage sludge after treatment. The source of the BSE was assumed to 
be abattoirs. 


VI. PATHOGEN TRANSPORT AND SURVIVAL 
IN SOIL, WATER, AND AIR 


Pathogens that are present in biosolids which are land applied can result 
in human exposure via soil, water or air. Therefore a discussion of pathogen 
survival and transport in these media are warranted. 


A. Exposure via SOIL AND GROUNDWATER 


Soil affects human exposure to pathogens in two ways. First, survival 
times of pathogens in soil amended with biosolids affect the potential 
for human contact subsequent to land application. This aspect was the 
driving force behind implementation of site restrictions following land ap- 
plication. Soil also directly affects the potential for transport of pathogens to 
underground aquifers. 

Pathogen survival in and transport through soil are considered together 
in this section. Environmental factors that affect survival of pathogens are 
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summarized in Table V. Human pathogens that are routinely found in 
domestic sewage sludge include viruses, bacteria, protozoan parasites, and 
helminths. Of these pathogens, viruses are the smallest and least complex; 
they generally have a short survival; and the greatest potential for transport 
in soil. Survival of virus has been shown to be temperature-dependent and 
decreased as temperature increased (Straub et al., 1993a). Soil type affected 
virus survival, longer survival occurring on clay loam biosolids-amended 
soils compared to sandy loam biosolids-amended soils (Straub et al., 1993b). 
Rapid loss of soil moisture also limited virus survival. When conventional 
cultural methods are used, virus survival ranges from 3 days to greater than 
10 days, depending on soil type, temperature, and moisture (Straub et al., 
1992, 1993a). When molecular PCR-based methods are used, enteroviruses 
can be detected in soil 3 months after land application (Straub et al., 1995). 
However, PCR by itself only detects viral nucleic acid and does not indicate 
that viable viruses were actually present. 

Like virus survival, bacteria survival in soil is affected by temperature, 
pH, and moisture (Gerba et al., 1975). Soil nutrient availability also plays a 
role in bacteria survival. Lower temperatures usually increase survival, as do 
a neutral soil pH and soil at field capacity with respect to moisture. Of the 
pathogenic bacteria, E. coli can survive for long periods in biosolids- 
amended soil. Salmonella was shown to survive for 2-3 weeks in biosolid- 
amended soil (Zaleski et al., 2005a). In contrast, Shigella has a shorter 
survival time than either Salmonella or E. coli (Feachem et al., 1983). Studies 
on indicator organisms have shown that total and fecal coliforms as well as 
fecal streptococci can all survive for weeks to several months depending on 
soil moisture and temperature conditions (Pepper et al., 1993). 

Regrowth is also important when evaluating the survival of patho- 
genic and indicator bacteria in soil and biosolids compost (Zaleski et al., 
2005b). Salmonella, E. coli, and fecal coliforms are all capable of regrowth. 


Table V 
Environmental Factors Affecting the Survival of Pathogenic Microbes 


Survival time 





Parameter Virus Bacteria Protozoa 


Temperature increasing z = ne 
Soil moisture decreasing = = = 
Rate of desiccation increasing = = = 
Clay content increasing + we Not known 
pH range of 6-8 + + a 








—, decreasing survival time; +, increasing survival time. 
Source: Adapted from NRC, 2002. 
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Following land application of biosolids or composting of biosolids with soil, 
pathogen concentrations decrease below the detection limit but can increase 
after rainfall. Regrowth is generally limited to Class A biosolids where 
biological competition is less than in Class B biosolids (Zaleski et al., 
2005b). Zaleski et al. (2005a) demonstrated that Salmonella would not 
regrow in soil amended with biosolids. 

The protozoan parasites often associated with biosolids include Giardia 
and Cryptosporidium spp. However, little research has been conducted on 
the survival of these parasites in biosolids-amended soil. Helminths are 
perhaps the most persistent of enteric pathogens. Ascaris eggs can survive 
for several years in soils at low temperatures (Straub et al., 1993b). 

The transport of microorganisms through soils or vadose zone materials 
is affected by a complex array of abiotic and biotic factors, including 
adhesion processes, filtration effects, physiological state of the cells, soil 
characteristics, water flow rates, predation, and intrinsic mobility of the 
cells (Newby et al., 2000). For viruses, the potential for transport is potentially 
significant, although viruses can adsorb to soil colloidal particles and to the 
biosolids themselves, thus limiting transport (Schijven and Rietveld, 1996). 
Virus sorption is controlled by the soil pH. Most viruses are negatively 
charged (isoelectric point 3-6) so that at a neutral soil pH, soil sorption is 
reduced, whereas at more acidic soil pH values the viruses are positively 
charged, increasing sorption (Dowd et al., 1998b). Chetochine et al. (2006) 
showed that viruses are embedded and/or adsorbed to biosolids. Studies 
with phage showed that this sorption appeared to influence the potential 
for release and subsequent transport of the virus through soil under 
saturated conditions. Overall less than 8% of the indigenous coliphage 
initially present in the biosolids were leached out of the biosolids soil matrix. 
Human enteric viruses appear to be tightly bound to biosolids because 
bacteria that grow in the activated sludge process produce proteins, which 
bind the virus to the biosolid matrix (Sano et al., 2004). Thus, groundwater 
contamination from land-applied biosolids does not appear to be likely. 


B. Exposure via Air 


Exposure to pathogens or other biological entities, such as endotoxin, can 
occur via transport through the air as bioaerosols. Bioaerosols consist of 
microorganisms or other biological particles such as endotoxin or peptido- 
glycans that become airborne with the potential to be transported over 
significant lateral distances. If the microbes transported are pathogenic 
then exposure to them potentially becomes a human health issue. The 
potential for aerosolization of pathogens from land application of biosolids 
has become an issue that has been debated nationally. To date, few studies 
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on land application of biosolids have been conducted, but several studies 
have evaluated aerosols from wastewater treatment plants, land application 
of wastewater, animal manures, and composting operations. Overall, the 
potential for adverse health effects from pathogens in aerosols depends on 
their fate and transport. The fate and inactivation of aerosolized microbes is 
affected by numerous environmental factors and methods of aerosol genera- 
tion, while transport, or the lateral distance aerosols are carried from source 
to endpoint, is affected by factors such as wind direction and velocity. 

A limited number of studies have been conducted on the generation of 
bioaerosols from biosolids land application. Notably, Sorber et al. (1984) 
concluded that little or no risk was associated with the land application 
of liquid biosolids, based on the lack of viral presence in large volumes of 
sampled air. Other studies have focused on large piles of biosolids, unloaded 
by trucks on site and subsequently loaded with front-end loaders into 
biosolids spreaders or hoppers (Dowd et al., 2000; Pillai et al., 1996). 
Loading events proved to be sources of increased concentrations of fecal 
microbial indicators such as H»S producing bacteria and Clostridium spp. 
No risk analyses were conducted in the previous study, although the inves- 
tigators concluded that the microbial indicator concentrations were below 
levels that could be construed as a risk to public health. The latter study 
conducted microbial risk analyses based on the use of complex transport 
models first proposed for the transport of chemical aerosols (Pasquill, 1961). 
Through the use of these models, aerosol concentrations could effectively be 
predicted at downwind distances from both point (biosolids pile) and area 
sources (a biosolids applied field) (Dowd et al., 2000). Conservative occupa- 
tional risk analysis was conducted and risk calculations ranged from a 3% 
chance of infection to a 100% chance of infection based on infection from 
aerosolized Coxsackie virus. 

In the Dowd et al. (2000) study, a “worse case”? scenario during land 
application of biosolids predicted a risk of infection of 1.00 (100%). However 
an incorrect infectivity constant was used in this calculation. Using the 
correct and more realistic values of phage—human virus ratios, the pre- 
dicted risk is 5 orders of magnitude less than 1.00 (Brooks et al., 2004). 

In 2002, the National Research Council identified the potential for human 
exposure to pathogens via bioaerosols generated during land application, 
to be priority research item. In response to this, a major national study in 
the United States was initiated by the University of Arizona. The goals 
of the study were to evaluate the “community” and “occupational” risk of 
infection from bioaerosols. This study evaluated the incidence of bioaerosols 
across the United States with differing climatic conditions and various 
methods of biosolid application, and more than 1000 aerosol samples were 
collected and analyzed for bacterial and viral pathogens. The risk assessment 
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from this study is presented in Section VII. The conclusions of this study 
were that the overall community risk of infection from bioaerosols during 
land application was relatively negligible. Occupational risks during land 
application were found to be greater than community risks, due to higher 
exposure, but calculated risks were still low (Brooks et al., 2004a,b). Bio- 
aerosol emission rates and plume characteristics during land application 
were also determined (Tanner et al., 2005). 


VII. RISK-BASED EVALUATION OF THE POTENTIAL 
HAZARDS POSED BY PATHOGENS IN BIOSOLIDS 


The process of quantitative microbial risk assessment is an approach 
designed to estimate the risk of infection and adverse outcomes from the 
environmental exposure of pathogens (Rose and Gerba, 1991). The risk 
assessment approach can be used to answer (“What if” ) questions such as 
how many people will be infected if untreated sewage sludge is used on 
vegetables to be eaten raw. It has also been used to assess risks from 
emerging pathogens and as guidance for the establishment of drinking 
water treatment standards in the United States (Regli et al., 1991). It has 
been used to assess microbial risks from exposure to land-applied biosolids 
(Gale, 2005; Gerba et al., 2002; Westrell et al., 2004). 


A. On-Srre Exposure FROM LAND-APPLIED BIosoLips 


Because Class B biosolids contain human pathogenic microorganisms, 
site restrictions on land applied with Class B biosolids were implemented via 
the 503 regulations (EPA, 1993). These site restrictions regulate the mini- 
mum duration between application and the harvesting of crops, grazing 
access, and public access (Table VI). Therefore, in theory, sufficient time 
elapses between land application and subsequent human contact that all 
pathogenic microbes have been inactivated via natural attenuation. How- 
ever, because public access may occur prior to the minimum time require- 
ment, then a risk analysis is warranted. Box 7 illustrates the risk of infection 
from ingesting biosolids, while Box 8 illustrates the risk of infection from 
ingesting land-applied biosolids. 

In both examples, the risk of infection from rotavirus is relatively low. For 
comparison, note that the EPA guidelines for safe drinking water with respect 
to pathogens are an annual risk of no greater than 1074 (Regli et al., 1991). 
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Table VI 
Minimum Duration Between Application and Harvest/Grazing/Access for Class B 
Biosolids Applied to the Land 


Criteria Surface Incorporation Injection 





Food crops whose harvested 14 months 14 months 14 months 
part may touch the soil/biosolids 
mixture (beans, melons, 
squash, and so on) 


Food crops whose harvested 20/38 months“ 38 months 38 months 
parts grow in 20/38 months 

Food, feed, and fiber crops 30 days 30 days 30 days 
(field corn, hay, sweet corn, 
and so on) 

Grazing of animals 30 days 30 days 30 days 

Public access restriction 

High potential’ 1 year 1 year 1 year 

Low potential 30 days 30 days 30 days 


“The 20-months duration between application and harvesting applies when the biosolids that are 
surface applied stays on the surface for 4 months or longer prior to incorporation into the soil. 
The 38 month duration is in effect when the biosolids remain on the surface for less than 
4 months prior to incorporation. 

>This includes application to turf farms which place turf on land with a high potential for public 
exposure. 

Source: Adapted from 40 CFR, Part 503. 





Box 7 
Probability of Infection from Ingesting Biosolids 
Assumptions: 


A. A child jumps into a pile of Class B biosolids and plays for 8 h. 

B. Anaerobically digested biosolids containing 0.12 rotavirus per 4 g bioso- 
lids. 

C. The child ingests 50 mg of biosolids. 


Risk of infection = 8.6 x 1074 











B. On-Srre ExrosureE To WORKERS VIA BIOAEROSOLS GENERATED 
Durme Land ApPLicaTION OF BIosoLips 


The potential for on-site exposure to aerosolized pathogens is maximized 
for biosolid workers involved in loading and unloading biosolids, and also 
during actual land application. Because of their occupation, such workers 
have enhanced exposure and hence a greater risk of infection via aerosols. 
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Box 8 
Probability of Infection from Ingesting Land-Applied Biosolids 


Assumptions: 


A. A child plays for 8 h in a field immediately after Class B biosolids have 
been applied. 

B. The concentration of biosolids is diluted 100-fold by the soil. 

C. The anaerobically digested biosolids contains 0.12 rotavirus per 4 g bio- 
solids. 

D. The child ingests 50 mg of biosolid amended soil. 


Risk of infection from rotavirus = 1.8 x 1076 











Tanner (2004) evaluated the occupational risk to biosolid workers based on 
the University of Arizona study on bioaerosols. As part of this study, 
bioaerosol emission rates and plume characteristics generated during the 
land application of liquid Class B biosolids were also investigated (Tanner 
et al., 2005). The number of viral pathogens generated on site during land 
application of biosolids was determined to be 3.3 x 107° viral pathogens per 
cubic meter of air (downwind of the site). Likewise, the number of bacterial 
pathogens was determined to be 1 x 107° m~? of air. Risk assessments for 
the probability of infection from nontyphi Salmonella and Coxsackie virus 
A21 were conducted (Tanner, 2004). The annual occupational risk of infec- 
tion from Coxsackie virus A21 was found to be 2 x 107°. In contrast, the 
annual risk of infection from non-typhi Salmonella was 1.3 x 10~*). 

For non-typhi Salmonella, no dose response information for inhalation 
was available since human transmission by inhalation of aerosols has not 
been demonstrated, therefore, risks were calculated on the assumption that 
10% of bacterial aerosols would impact in the throat and be ingested 
following inhalation. The Beta Poisson Dose Response Model provides the 
best estimate of the probability of infection from ingestion of pathogenic 
enteric bacteria and assumes that a single surviving bacterium is sufficient to 
cause infection (Holcomb et al., 1999; Teunis et al., 1999). 


C. Orr-Srre Exposure oF BIoAEROSOLS TO RESIDENTS IN 
Communities CLOSE TO LAND APPLICATION SITES 


The risk of infection of residents living close to land application sites via 
bioaerosols was identified as an item of concern in the NRC report on land 
application (NRC, 2002). Community risks were evaluated in the University 
of Arizona study (Brooks et al., 2004, 2005a,b). 
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Table VII 
Annual Community Risk of Infection from Coxsackie Virus A21 


Annual risk 





Number of virus 





10 virus g~! biosolid 1 virus g7! biosolid 0.1 virus g! biosolid 











Exposure time 





lh 8h lh 8h lh 8h 











4.7 x 1075 3.8 x 10-4 4.7 x 107° 3.8 x 1075 4.7 x 1077 3.8 x 107° 


For community risk, fate and transport of pathogens is a factor since 
residents live off-site, allowing for natural attenuation of pathogens due to 
environmental factors such as dessication and ultraviolet light. The annual 
community risk of infection from Coxsackie virus A21 was determined using 
the one-hit exponential model (Brooks et al., 2005a,b) and is shown in 
Table VII. Based on these data, community risks from bioaerosols generated 
during land application of biosolids are very low. 


VIII. PUBLIC PERCEPTIONS OF LAND APPLICATION 
OF BIOSOLIDS WITH RESPECT TO PATHOGENS 


Public perception of land application of biosolids with respect to patho- 
gens is in part a function of land availability and population density. For 
example, in the desert southwest, agricultural areas are often located far 
from urban centers, so that there are fewer surrounding residents, who come 
into contact with the process. In contrast, in the northeast, the potential 
impact of land application is much greater, because of less land and larger 
populations (NRC, 2002). In the vast majority of cases, it is odor that is the 
initial cause of complaints. 

In the early 2000s, when the Internet became a viable method of quick 
communication, concerns were aggressively raised by environmental acti- 
vists with respect to the potential for human infections from bioaerosols. In 
particular, the potential for concern over Staphylococcus aureus infections 
became a preeminent issue for those opposed to land application of bio- 
solids. Events came to a head in the summer of 2002, when a National 
Academy of Science report on biosolid land application was released 
(NRC, 2002). The most noted quote from the report was—‘‘there is no 
documented scientific evidence that the Part 503 rule has failed to protect 


PATHOGENS IN BIOSOLIDS 33 


human health. However, additional scientific work is needed to reduce 
persistent uncertainty about the potential for adverse human health effects 
from exposure to biosolids.” 

The overarching recommendations of the report were as follows: 


e Use improved risk-assessment methods to better establish standards for 
chemicals and pathogens. 

e Conduct a new national survey of chemicals and pathogens in sewage sludge. 

e Establish a framework for an approach to implement human health 
investigations. 

e Increase the resources devoted to EPA’s biosolids program. 


These recommendations have yet to be implemented. 

Vocal opposition to land application of biosolids has been in the State of 
California, where several counties now allow only land application of Class A 
biosolids. In addition, several lawsuits have been filed that claimed that deaths 
were due to land application of biosolids. To date, no “cause and effect” has 
ever been shown due to land application of biosolids. Fears of S. aureus infec- 
tions were allayed due to evidence that S. aureus is absent in biosolids (Rusin 
et al., 2003). In addition, new research has shown that community risk for 
bioaerosol infections is negligible (Brooks et al., 2005a,b; Tanner et al., 2005). 

Overall, about 60% of all biosolids produced are land applied in both the 
United States and United Kingdom. The vast majority of this is Class B 
biosolids. Since other methods of disposal, such as incineration or landfilling 
have serious drawbacks, then reuse via land application is likely to continue 
as the most viable option. That not withstanding, there will continue to be a 
need for state-of-the-art research, as new issues emerge. 


IX. FUTURE RESEARCH NEEDS 


There will always be a need for an understanding of the occurrence of 
pathogens in biosolids and the effectiveness of treatment processes. New patho- 
gens will continue to emerge and methods for their detection in the environment 
will be developed. Newer and better treatment processes will be developed, 
which require assessment for pathogen removal. Data on the concentration of 
pathogens in biosolids is critical to conducting quantitative estimates of risks 
from the land application of biosolids. 

Most of our understanding on virus removal by biosolid-treatment 
processes and environmental fate rests largely upon studies conducted 
with enteroviruses. Since many of the biosolid-treatment processes depend 
on temperature and high pH, we need to assess the fate of viruses that 
demonstrate the most resistance to these processes, that is, hepatitis A 
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virus and adenoviruses. The potential for regrowth of E. coli 0157:H7 in 
compost or after other treatment processes needs assessment. The fate of 
Cryptosporidium oocysts during treatment and after land application, using 
newer viability methods needs to be conducted to ensure that risks are 
minimal under a variety of environmental conditions after land application. 

Because many of the limits for use of agricultural land after land applica- 
tion of Class B are determined by the survival of Ascaris ova, a proper risk 
assessment needs to be conducted to determine more quantitatively the risks 
involved. This will require data on current levels of viable ova in biosolids 
and their survival under different environmental conditions. Finally, the 
incidence of prions in biosolids needs to be determined. 
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Advances in microelectronics during the last decades resulted in the devel- 
opment of several dielectric-based soil water monitoring techniques, that is, 
time-domain reflectometry, single and multisensor capacitance probe (MCP) 
systems. These techniques have simplified the real-time determination of 
water content at fine spatial and temporal scales. In this chapter, single 
and MCP systems will be referred to as capacitance. Because of their rela- 
tively low cost and ease of operation, capacitance has enjoyed widespread 
acceptance among researchers, growers, and consultants. This chapter gives 
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an overview of the principle of operation of capacitance soil water content 
measuring systems. Installation and calibration procedures of these systems 
were also covered. The applications of capacitance are diverse. They have 
been used extensively as an essential part of many irrigation scheduling 
programs for different crops. We used real-time logging capabilities of 
capacitance to give more detailed information about plant water uptake, 
effective rainfall, and also to determine some soil physical properties. Results 
of these types of studies demonstrate that considerable improvement in 
efficient water use can be made by collecting high-resolution soil water 
content data in the soil, around the crop. Despite their success, the capaci- 
tance system showed some temperature and salinity effects for different soil 
types. Further research is needed to eliminate these salinity and temperature 
effects if these capacitance systems are to take their place as some of the 
leading soil water monitoring sensors. © 2006, Elsevier Inc. 


I. INTRODUCTION 


Demands on water resources worldwide are increasing as the world 
population keeps growing and quality of living keeps improving in many 
countries. It is expected that in the next decade several countries in the arid 
and semiarid areas of the globe will be under water scarcity or stress (Yang 
et al., 2003). As the major water user, irrigated agriculture is expected to 
make substantial changes to optimize its water use. Water is critical for 
optimal growth and production. Optimum amounts of water at the right 
time allow plants to grow and produce at their best with little or no negative 
impact to the environment. 

Several water management techniques have been developed, tested, and 
used with different levels of success. For over 40 years since its introduction, 
neutron moisture gauge, often referred to as neutron scattering (NS), proved 
to be very popular as a research and teaching tool with the scientific com- 
munity, but also for application in a wide range of agricultural, environmen- 
tal, and engineering practices. Its widespread use resulted partly from the 
ease, speed, and the nondestructive nature of its measurement as compared 
with conventional gravimetric methods. Since the release of its first proto- 
type, NS has seen several improvements such as weight and size reductions 
and the introduction of more efficient detectors that also used safer radioac- 
tive sources. However, despite these improvements, safety regulations 
requiring costly licensing and training of users and considerable regulation 
have caused the NS method to remain expensive to maintain and difficult or 
impossible to use in some situations, particularly for unattended monitoring 
(Evett and Steiner, 1995). 
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Advances in microelectronics and emergence of high-quality, low-cost, 
high-frequency oscillators have made capacitance sensors popular in situ 
soil water content monitoring devices and consequently made automated 
capacitance soil water sensors more affordable (Fares and Alva, 2000). 
Capacitance sensors have been used to measure soil water content in a 
wide range of soil types by researchers and growers in Australia (Buss, 
1993; Fares et al., 2004b) and the United States (Baumhardt et al., 2000; 
Fares and Alva, 2000) for various applications such as irrigation scheduling 
(Girona et al., 2002) and waste water disposal (Olden et al., 2002). 


II. CAPACITANCE SOIL WATER CONTENT 
MEASURING SYSTEMS 


A. PRINCIPLE OF OPERATION 


The water molecule is a dipole due to the presence of two partial positive 
charges on the hydrogen sides and a negative charge on the oxygen atom of 
the same molecule. Materials composed of molecules that are permanently 
polarized, that is, water molecule, usually have large dielectric constants, 
also known as dielectric permittivity. The dipolar nature of the water mole- 
cule provides bulk water unique electrical properties that have long been the 
target of measurement of water in substances such as soil (Topp and Ferre, 
2002). In the absence of any external electric field, water molecules are in 
random thermal motion. However, when an external electric field is applied, 
the charged molecules align themselves with the electric field where the 
positive charges of each molecule are in the direction of the applied field 
and the negative charges oppose the field. An internal electric field, which is 
opposite in direction of the external electric field, will result. Consequently, a 
reduction of the overall electric field and the overall potential occurs. 

Capacitance has been used to determine dielectric permittivity of different 
homogeneous and mixed media. Capacitance is defined as the ability of two 
conductors to store a charge Q when a potential Vis applied across them. The 
relationship between the capacitance, C (L? T M ' I’), of a capacitor with a 
geometric factor, g (L), and the relative permittivity, e, (L° T* M IP), is 
defined as the following: 


C = é,&D (1) 


where e, is the permittivity in vacuum (8.5 pF m`’). If the capacitor is formed 
by two parallel plates then D = A/d, where A is the area of the plates (L°) and d 
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is the distance between the two plates (L) filled with the dielectric of permit- 
tivity e. 

A typical capacitance soil water sensor consists of an inductor, L, and 
a capacitor connected to circuitry that oscillates at a frequency that is 
dependent on the values of L and the electrode-soil capacitor (Starr and 
Paltineanu, 2002). Inductor L is set by the electronic circuitry; the frequency 
of oscillation depends only on variations of capacitance. Several representa- 
tions of the oscillation frequency of capacitance sensors have been presented 
(Dean, 1994; Kelleners et al., 2004; Starr and Paltineanu, 2002). Assuming a 
resonant frequency in an oscillator circuit that includes the soil, this resonant 
frequency is represented as follows: 


-l1 
GC, 
F=(|2 ee 
( ma oe (2) 


where Cm, Cp, and C, are the capacitance of the medium, plastic access tube 
(for capacitance sensor with access tubes), and capacitance due to stray 
electric fields, respectively. 

Complex permittivity is a property that describes both polarization and 
absorption of energy. The real part is related to polarization while the 
imaginary part is related to energy absorption. The relative permittivity €, 
is defined as follows: 


er =e! + ile” + o/(weo)] (3) 


where ¢’ and e” are the real and imaginary (electric loss) parts, respectively, of 
the permittivity; o is the zero-frequency conductivity; œ is the angular fre- 
quency; £, is the free-space permittivity; and iis the imaginary part of a complex 
number. At frequencies between 100 MHz and 3—4 GHz, e” is much smaller 
than ¢' (Ledieu et al., 1986) and, therefore, the measured permittivity is called 
the apparent permittivity e, (Topp et al., 1980). The apparent permittivity 
represents the real part of the complex relative permittivity at the highest 
frequency (Heimovaara et al., 1994). Assuming that the dielectric properties 
of soil water are the same as that for bulk water, several dielectric mixing 
models have been developed to estimate the dielectric properties of wet soils, 
including a theoretical de Loor model (de Loor, 1964), a semiempirical model 
by Birchak et al. (1974), and an electric circuit model that relates the sensor 
frequency to the permittivity of the medium (Kelleners et al., 2004). 
Capacitance soil water sensors operate at a narrow band frequency and use 
dielectric constant (K), of the soil-water—air mixture to estimate soil water 
content. The K of water (78.54 at 22°C) is large compared to those of the soil 
matrix (<10) and air (1), and, thus, dominates the dielectric permittivity of the 
air—soil-water mixture. A change in soil water content will strongly influence 
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the K of soil. However, great variability of the K of soil minerals (4-9) 
(Robinson, 2004) and dry plant tissue (1-4) makes it necessary to calibrate 
these sensors for a particular soil (Baumhardt et al., 2000) and, if practical, for 
each soil horizon. In addition, K is a function of the ratio of free water to that 
of bound water, soil temperature, bulk density, and water salinity, especially 
at low sensor frequencies (Paltineanu and Starr, 1997). In most cases, the 
relationship between the multisensor capacitance probe (MCP) output and 
volumetric soil water content (0,) is a three-parameter power function (Fares 
et al., 2004b; Paltineanu and Starr, 1997); however, linear approximation was 
also used for some soils (Gaudu et al., 1993). The nonlinearity of the relation- 
ship between MCP output and 0, is partially attributed to clay-bound water, 
which has a behavior that is different from that of free water under the influence 
of electromagnetic waves (Bridge et al., 1996; Wang, 1980). 


B. Eourment DESIGN 


There are a number of capacitance probe designs, which differ from each 
other by electrode configuration and geometry (Fig. 1), range of operating 
frequencies (50-150 MHz), and ease of use and accuracy. Conceptually, 
capacitance sensor systems can be subdivided into single and multisensor 
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Figure 1 Schematic design of three capacitance probes with different types of electrodes: 
(A) rod-type electrodes with direct soil contact, (B) ring electrodes in tube housing, and (C) 
flat electrodes sealed in plastic. 1—Electrode, 2—electronic circuitry, 3—cable, 4—soil surface, 
5—PVC access tube, and 6—circuit board. 
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systems. They also have different electrode designs: rod, flat, or cylindrical 
types. 


1. Single-Sensor System 


The rod-type probe consists of an input/output cable, probe body, and a 
sensing head (Fig. 1). The sensing head of rod electrode sensors consist of an 
array of four rods (1 signal and 3 shield rods). The cable provides connection 
for a power supply and for an analog signal output. The probe body 
contains an oscillator, a specially designed internal transmission line, and 
measuring circuitry within a waterproof housing. The outer three rods are 
connected to instrument ground and form an electrical shield around the 
central, signal rod. The sphere of influence of this type of sensor is contained 
in the space between the rods and the measurement is integrated along their 
length. They can be inserted in the soil surface or into augured holes or, 
alternatively, in the wall of a trench (which is then backfilled). Among the 
disadvantages are soil disturbance and possibility of soil compaction or 
formation of air gaps during the insertion into the ground. 

An example of parallel rod-type sensor is Theta Probe, which measures 
volumetric soil moisture content with 1% accuracy (Delta-T-Devices, 1999). 
It requires 5-15 V DC at 20 mA power supply. Its operating frequency is 
100 MHz. 

Flat electrode capacitance sensor, that is, ECH2O (Decagon, Pullman, 
WA) consist of copper electrodes positioned in one plane and sealed in 
epoxy-impregnated fiberglass (Fig. 1). The electrodes have no direct contact 
with the soil, and the electromagnetic field generated by the electrodes 
extends through the fiberglass and into the soil surrounding the probe. 
These sensors are easy to install and use. The probe averages the volumetric 
water content over the entire length of the probe. If water content measure- 
ment in a narrow soil layer is required, the probe needs to be installed 
horizontally. The 2 cm zone of influence extends from the flat surface of 
the probe, decreasing with distance. The sensor has little sensitivity at the 
extreme edges. The ECHO probes are well suited for use at shallow depth; 
however, soil temperature fluctuations at such depth could affect the mea- 
surement. The temperature dependence of the probes is 0.003 cm? em *°C! 
(Campbell, 2003). The sensor has very low power requirement (2-5 V DC at 
3-7 mA). ECHO probes allow using cable of up to 78-m length. 


2. Multisensor Probe System 


The principles of operation and design of the MCP were described in 
detail by Buss (1993), Paltineanu and Starr (1997), and Fares and Alva 
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(2000). Examples of such systems are EasyAg™ 50 (Sentek, 2003) and 
C-probe (Agrilink, 2005). EasyAg™ 50 system consists of multisensor probes 
and data logger, capable of operating 32 sensors (8 probes with 4 sensors 
each) simultaneously. An individual probe consists of an access tube, printed 
circuit board, and four capacitance sensors (Fig. 1). Access tube is a 60-cm 
long special PVC pipe with external and internal diameters of 32 and 28 mm, 
respectively. The diameter of the capacitance ring was such that allowed the 
sensor to move freely inside the access tube but with minimum air gap 
between the rings and access tube wall. 

Each capacitor sensor consists of two metal rings mounted on the circuit 
board at the distance 10, 20, 30, and 50 cm from the top of the access tube. 
These rings are a pair of electrodes, which form the plates of the capacitor 
with the soil acting as the dielectric in-between. The plates are connected to 
an oscillator, consisting of an inductor and a capacitor. The oscillating 
electrical field is generated between the two rings and extends into the soil 
medium through the wall of the access tube (99% of the reading is taken 
within 10-cm radius around the sensor axis). The capacitor and the oscillator 
form a circuit, and changes in dielectric constant of surrounding media are 
detected by changes in the operating frequency. The capacitance sensors 
are designed to oscillate in excess of 100 MHz inside the access tube in 
free air. The output of the sensor is the frequency response of the soil’s 
capacitance due to its soil moisture level. 


C. INSTALLATION 


Installation of capacitance sensors should begin with careful selection of 
the site to conduct soil water monitoring. Site selection could be concep- 
tually subdivided in two stages: macro- and microzone selection. Soil type 
and soil hydrological characteristics are spatially variable properties and 
may differ significantly within short distances. The aim of soil water moni- 
toring, however, is to provide the data, which can be used for management 
decisions applicable for the whole field using limited number of sensors. 
Thus, macrozone selection refers to the selection of one or several locations 
on the field characterized by soil type, crop, and management practice 
dominant for the area and have typical topography. Microscale zone selec- 
tion is aimed to determine the position of the sensor in relation to individual 
plants, irrigation delivery points (drip line, sprinkler, and so on), and various 
surface and soil anomalies. When installing the capacitance sensors it is 
recommended to avoid proximity of unusually large or sick plans, areas 
free of plants, locations with compacted or disturbed soil, microdepres- 
sions, and proximity to foreign objects (metal posts, elements of irrigation 
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equipment, and so on). These factors may not only affect the sensor response 
but also alter soil water dynamics, making the soil around the sensor unrep- 
resentative of the studied area. When drip line or furrow irrigation is used, soil 
water content varies significantly across the crop row. In such cases, it is 
recommended to use two or more sensors at the locations of projected 
maximum (under the drip line) and minimum soil moisture (between the 
rows). 

In order to make correct measurement of soil water content by capaci- 
tance technique, the integrity of the studied object (soil) during the installa- 
tion must be preserved. Special attention must be given to avoid air gaps 
between the sensor or its access tube and the soil. Considering almost two 
order of magnitude difference between the dielectric constant of water and 
air (80:1), the presence of even small air gaps may significantly affect the 
collected data. 

Capacitance sensors installation procedure differs depending on the type 
of the sensor used. However, the general guideline is that soil disturbance 
should be minimized and good contact between probes or their access tubes 
should be ensured. When installing access tubes, it is a good practice to cover 
the soil surface where the installation will be conducted with boards or 
plywood to prevent compaction. 

Rod sensors, such as ML2x (Fig. 1), are carefully pushed into the ground 
in one steady motion, avoiding any sideway pressure. This ensures that no 
air gap is formed between the rods and the soil. It is also important to avoid 
compaction of soil by the probe housing. If installation below the soil 
surface is needed, the electrodes are installed horizontally in the wall of 
soil pit at the desired depth and the soil pit is backfilled. When digging 
the pit, each soil horizon needs to be extracted and kept separately. When 
the pit is filled, different horizons are placed back in the same order as they 
were extracted, thus, preserving the morphology of the soil profile. In 
addition, the soil needs to be compacted similar to its original density. 
Although the soil in the pit has no direct impact on the sensor reading, the 
disturbance may create preferential water flow and affect local soil water 
dynamics. 

The installation of sensors with flat electrodes, such as ECHO (Fig. 1), 
is similar to that of rod-type sensors. If the soil allows, the electrode is 
pushed into soil surface or side of the soil pit taking precautions as previ- 
ously described. If the soil is too dense, a thin cut in the ground, deep enough 
to accommodate the full length of the electrode, is made using shovel or 
blade. The electrode is placed into the cut and the shovel is inserted into 
the soil parallel to the electrode 10-15 cm away from it. The soil in-between 
is gently pushed toward the electrode closing the air gap between the 
electrode and the surrounding soil. Care must be taken to avoid excessive 
compaction. 
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Capacitance sensors with ring-type electrodes are installed on the field 
using an access tube (Fig. 1). The electrodes do not come in direct contact 
with the soil. The procedure may vary slightly, depending on the accessories 
provided by the manufacturer and the probe type. For small diameter sensor 
a vertical hole in the soil is made using a standard soil auger with the 
diameter slightly smaller than that of the access tube. To direct the auger 
vertically and prevent it from wobbling, a stabilization plate is used. The 
stabilization plate is a piece of metal with an opening through which auger is 
inserted. The stabilization plate is secured to the ground by four metal pins. 
It also protects the edges of the hole and prevents it from collapsing. It is 
recommended to insert the auger to the required depth (slightly larger than 
the length of the access tube) in one take. If the soil is dense, the auger might 
need to be removed and cleaned several times before the desired depth is 
reached. Before the insertion of the access tube, a cutting ring with sharp 
edge tapered inside is attached to the tube’s lower end. The cutting ring has 
the diameter equal to that of the access tube. When the access tube is pushed 
into the hole, the cutting ring shaves excess soil from the walls of the hole, 
providing tight fit and good contact of the tube and soil. If the soil is dry, a 
small amount of water is added using a squirt bottle. When the tube is 
installed in place, the stabilization plate is removed. Capacitance electrode 
rings mounted on the circuit board plate are inserted into the access tube, 
cables are connected, and the tube is closed with watertight cap. Cable 
opening in the cap is sealed with silicon glue. For large diameter sensors, 
auguring is conducted from inside of the access tube, while the tube is being 
gradually pushed into the ground. When the installation of the access tube is 
complete, its lower end is sealed with a rubber plug. 


D. Darta LoGeGInG and DISPLAYING 


Frequent sampling of soil moisture is the key to identify trends in soil 
water dynamics. Modern capacitance probe systems often consist of net- 
work of sensors, representing different sites on the monitored area and 
different depths within soil profile. Each of the major manufacturers of 
capacitance soil water content monitoring systems developed their proprie- 
tary software that have been used to manage their system, display data, 
and in some cases analyze the collected data. Capacitance probe systems 
include specialized software utilities used for hardware administration and 
communication. These utilities include: 


1. Database manager used to view and manage logger configuration, create 
databases, organize existing databases, and view existing databases 
configuration. 
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2. Download manager utility provides basic logger diagnostics, setup and 
management functions, connects between PC or PDA and data logger, 
retrieves raw data from the logger, and downloads it to PC hard drive for 
further use. 

3. Display utility displays real-time moisture reading, creates soil moisture 
graphs, helps to visualize the depth of irrigation or rainfall event, rates of 
infiltration into deep soil profiles, and the rates of water consumption by 
plants. 

4. Remote connection manager used to operate wireless data retrieval 
hardware. 

5. Workspace manager utility manages all windows associated with a work- 
space and opens data files. 


Figure 2 shows water content measured using an MCP system at 10, 20, 
30, and 50 cm below the soil surface in a citrus grove at the University of 
Florida Avalon research site. This type of graph is produced by many of the 
commercial softwares that are sold with different capacitance systems, 
that is, IrriMax 6.1 (Sentek, Pty., Ltd., Stepny, South Australia). This period 
was a rain-feed period; daily rainfall events are shown on the same graph as 
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Figure 2. Water content measured using an MCP system at 10, 20, 30, and 50 cm below the 
soil surface in a citrus grove at the University of Florida Avalon research site. 
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Figure 3 Cumulative water content within and below the root zone in a citrus grove at the 
University of Florida Avalon research site. 


bar graph. Daily rainfall intensity varied between less than 2 mm to over 
45 mm. Changes of soil water content over time at the various depths are the 
result of the rainfall events, plant water uptake, and water redistribution 
below the root zone. The soil of this research site is Candler fine sand with 
low field capacity, permanent wilting point, and water-holding capacity of 
0.09, 0.015, and 0.075 cm? cm”, respectively. The soil water dynamics are 
more pronounced in the top two depths (10 and 20 cm) than in lower 30 and 
50 cm depths. 

Cumulative water content within and below the root zone is displayed in 
Fig. 3 along with the daily rainfall events for the same period shown earlier. 
Water content in the root zone shows more dynamics than that below 
the root zone. Water content dynamics below the root zone is an indicator 
of the excess water losses below this citrus grove under sandy Florida soils. 
This type of data were used to calculate drainage losses below citrus groves 
in central Florida (Fares and Alva, 1999, 2000). 


E. CALIBRATION 


Although default calibration equations are often provided by the manu- 
facturers that are based on calibration in a variety of soils, capacitance 
sensors may require custom calibration for a number of reasons. It has 
been reported (Dobson et al., 1985; Wang, 1980) that soil type affects the 
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apparent K of soil, and, therefore, 0, measurements based on K. The primary 
cause of difference between soils is usually attributed to the effects of solid— 
liquid interactions at the solid surface, which restrict the rotational freedom 
of adsorbed water molecules (Seyfried and Murdock, 2001). This water, 
called bound water, is considered to have K much lower than that of the 
free water (Dobson et al., 1985), and its amount is expected to positively 
correlate with the soil surface area. Consequently, with the increase of clay 
content in the soil, the proportion of bound to free water will also increase, 
shifting sensor measurement. Hence, 0, is underestimated by default equa- 
tion at low moisture range, where the impact of bound water is more 
profound. 

Paltineanu and Starr (1997) corroborated that in addition to clay amount, 
differences in soil mineralogy, especially 2:1 clays, could affect MCP instru- 
ment calibration. In other words, large surface areas of 2:1 clays affect the 
bound water and corresponding bulk permittivity (Bridge et al., 1996; 
Wraith and Or, 1999). Similar conclusion was reported by Baumhardt 
et al. (2000) in Olton soil that has mixed mineralogy, which includes the 
2:1 clay, montmorillonite, as the dominant clay mineral. 

MCP requires normalization procedure. The normalization procedure is 
necessary for the MCP to overcome variability between individual sensors. 
Normalization ensures that the measurements obtained from different sen- 
sors are comparable, and the sensors within MCP are interchangeable and 
can be replaced without the loss of data continuity. The ring-type sensors are 
normalized by placing an access tube into a water bath and in the air at 20°C 
and recording the respective frequency readings for each sensor. These two 
media represent two extreme conditions, where the capacitor oscillates at its 
maximum (air) and minimum (water) frequencies. 

The frequency of the capacitor in the soil is used to determine a scaled 
frequency (SF) value using the following equation: 


SF= (Fa = Fp) (Fa = Fp) (4) 


where F,, Fw, and F, represent the sensor readings placed in its access tube in 
air at room temperature (22°C), in a bath of water at room temperature, and 
in the field soil, respectively. The value of the SF varies between 0 and 1 
depending on air—water-soil mixture of the medium; thus, the higher the SF 
the higher the water content is. The SF is then used as input into a calibra- 
tion equation to determine the corresponding soil water content. The SF is 
calculated when the data are downloaded from the logger and then con- 
verted into 0, using a default or user-specified calibration equation. Similar 
normalization can be conducted for other types of sensors if greater preci- 
sion, consistency of multiple reading, and comparability of data obtained by 
different sensors are required. 
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Figure 4 Calibration results of MCP on various soils and quartz sand as compared to the 
equation provided by the manufacturer. 


Capacitance sensors have been calibrated in the field (Fares et al., 2004b; 
Morgan et al., 1999) and laboratory (Baumhardt et al., 2000; Hamdhani, 
2005; Paltineanu and Starr, 1997; Polyakov et al., 2005) conditions; how- 
ever, limited number of calibration exercises were conducted using weath- 
ered tropical soils where bound water effect is present (Wu, 1998). In most 
cases, the relationship between the SF and 0, has been described by two- 
(Morgan et al., 1999; Paltineanu and Starr, 1997) and three-parameter 
(Baumhardt et al., 2000; Fares et al., 2004b) power models (Fig. 4). How- 
ever, linear approximation was also used for some soils (Gaudu et al., 1993). 
The nonlinearity of the relationship between MCP output and 0, is partially 
attributed to clay-bound water, which has a behavior that is different from 
that of free water under the influence of electromagnetic waves (Bridge et al., 
1996; Wang, 1980). However, the nonlinear relationship in sand has also 
been observed (Paltineanu and Starr, 1997). Several studies (Baumhardt 
et al., 2000; Fares et al., 2004b) proved the superiority of the three-parameter 
model as compared to the two-parameter model: 


0, =a+b(SF) (5) 


where a, b, and c are fitting coefficients. 
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Figure 5 Calibration results of MCP on highly weathered Hawaiian soil (Ewa silty clay 
loam) and quartz sand in laboratory conditions as compared to the equation provided by the 
manufacturer (Reprinted from Polyakov et al. (2005). Calibration of a capacitance system for 
measuring water content of tropical soil. Vadoze Zone J. 4, 1004-1010). 


Polyakov et al. (2005) developed separate calibration equations for sev- 
eral media with increasing degree of dielectric complexity: sand, soil, and soil 
with shrinking-swelling clays (Fig. 5). There were minimal differences be- 
tween the default calibration curve and that of the sand over lower range of 
the water content (0-0.3 cm? cm“). The default manufacturer calibra- 
tion equation underestimated the water content in the sand over the upper 
range of the water content. This is consistent with results reported by 
Morgan et al. (1999). They demonstrated that in Florida sandy soils (sand 
>96%), soil water content was underestimated by the default calibration 
of the MCP in the low soil water content range. However, Geesing et al. 
(2004) reported mixed results in coarse-textured soil; they found that the 
default calibration equation of MCP overestimated the soil water content 
for 0, > 0.25 cm? cm”. In the lower water content range (0, < 0.13 cm? cm °) 
MCP underestimated water content. 

Polyakov et al. (2005) reported that differences between 0, estimates using 
the default calibration and the measured 0, were more pronounced for Ewa 
soil than those for sand (Fig. 5). The default calibration underestimated the 
water content for 0, > 0.1 cm? cm” and overestimated the water content for 
0, < 0.1 cm? cm”. Geesing et al. (2004) reported that for silty-loam soil, 
default calibration of their tested MCP generally underestimated the actual 
soil water content. 
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HI. APPLICATION OF CAPACITANCE AS 
WATER MANAGEMENT DEVICES: IRRIGATION 
SCHEDULING FOR DIFFERENT CROPS 


Maintenance of adequate soil water content through the crop-growing 
season is necessary for optimum plant growth and yield. In most cases, soil 
water content is at optimum level only for a short period during the growing 
season; hence, irrigation is needed to maintain adequate soil water availa- 
bility. The purpose of managed irrigation is to optimize water spatial 
and temporal distribution, promote crop growth and yield, and increase 
economic returns. 

Irrigation scheduling is considered as a decision-making process used by 
irrigators to decide when to irrigate their crops and determine the appropriate 
quantity of water to apply. However, irrigation scheduling has received 
limited attention among farm operators. Pleban and Israeli (1989) indicated 
two possible reasons for this: (1) the programs were oriented toward research 
and for use by professionals, and (2) the programs were looking at the 
scheduling problem from the point of view of the crop and the academic 
researcher and not the farmer. The authors suggest that in addition to these 
two obstacles, water pricing and environmental policies often are not ade- 
quate to provide sufficient incentive or regulation to improve the management 
of water on the farm. Furthermore, some moisture-measuring devices, such as 
time-domain reflectometry (TDR) and neutron probes, remain outside the 
range of affordable equipment by typical growers in many locations or do not 
have the capacity to log soil moisture status in real time (Tyndale-Biscoe and 
Malano, 1995). In this respect, the use of capacitance-based systems has a 
considerable advantage, and their use by practitioners has been growing. 

When water is applied on the soil surface, assuming little or no surface 
runoff, a portion of water is utilized by plants or retained by the soil, 
however, excess water drains through the vadoze zone into the groundwater, 
which contributes to aquifer recharge. Irrigation best management practices 
are designed to (1) optimize plant water and nutrient uptake, (2) minimize 
water and nutrient leaching below the root zone, (3) minimize nonpoint 
source pollution of groundwater, and (4) reduce production costs associated 
with water and nutrient losses by leaching. 

Supply of water to crops must be based on a clear understanding of the 
soil water dynamics. Using low-volume irrigation systems, such as drip 
irrigation, it is possible to schedule small but frequent irrigation events to 
maintain an optimum water content in the root zone, while decreasing water 
losses below this depth. Tracing of water budget requires the monitoring of 
all water inputs and outputs, including rainfall, irrigation, drainage, runoff, 
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evapotranspiration (ET), and changes in soil water storage in near-real time. 
For many years, growers have relied on plant visual symptoms as indication 
of need for irrigation. Some plant species, such as beans, show sufficient 
color change when under moisture stress, which can be used as a basis to 
schedule irrigation. However, many crops do not show consistent visual 
symptoms of low moisture stress until the plants suffered severe stress effects. 
Furthermore, the soil moisture status may change rapidly so that watering 
may be required before visual symptoms are noticeable. Growth processes 
cease in many crops before visual wilting occurs, so that by the time there are 
indications of the need for irrigation, yield reduction may already have 
occurred (Smajstrla and Harrison, 1982). 

The use of capacitance sensors for irrigation scheduling may be well 
described using a case study of citrus irrigation management in Florida. 
The EnviroSCAN® (Sentek Pty. Ltd., Stepney, South Australia) capacitance 
sensors were used for continuous monitoring of the soil water content of 
young citrus trees (Fares and Alva, 2000). The experiment, using 4-year-old 
Hamlin orange trees in Calder fine sand was conducted on the Citrus 
Research and Education Center, University of Florida, Lake Alfred, FL. 
The trees were irrigated using a low-volume, under-the-tree irrigation system 
with one emitter per tree with a 0.05 m? h™ delivery rate. The depth of 
maximum root activity for these trees was experimentally determined to be 
at 40 cm and the root system was found within 7.3 m? area around the trunk. 
Soil water content through the soil profile was monitored using probes with 
capacitance-based sensors at 10-, 20-, 40-, 70-, and 110-cm depth, installed 
on each treatment. The 110-cm sensor is well beyond the active root zone of 
most crops, however, it provided valuable information as to how much 
water, either as rains or irrigation, is required for leaching to occur. 

The target refill points for optimal irrigation scheduling were based on an 
evaluation of the allowable soil moisture depletion within the rooting depth 
of 40 cm. The available soil moisture (ASM) content was determined as 
follows: 


ASM = Orc — Opwe (6) 


where Oc is the volumetric water content (cm? cm °) at field capacity, and 
O pwp is the volumetric soil water content (cm? cm °) at wilting point. 

For Candler fine sand Orc and Opwp were 0.09 and 0.015 cm? cm”, 
respectively. Hence, the ASM for the top 40-cm of effective rooting depth 
was 30 mm. Optimal citrus production requires that ASM is depleted no 
more than 33% during the period from February to May and no more 
than 67% during the remaining part of the year. The goal of each irrigation 
event was to deliver adequate amount of water to replenish the deficit in the 
top 40-cm to field capacity. This target point is defined as the “‘full point,” 
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which was equivalent to 36 mm for the target depth of irrigation. The water 
content in the soil profile within and below the rooting zone was calculated 
for the three wetted area treatments. 

Using near real-time information provided by the capacitance probes it, 
was possible to maintain the water content in the root zone of the 7.3 m° 
wetted area treatment above 33% depletion refill point and minimize water 
losses below root zone for almost the entire period (Fig. 6). This type of 
graph helps in determining how much irrigation to apply. Management 
decisions are made by determining where the soil moisture graph is positioned 
in relation to the refill point and full point. The refill point is positioned on 
the graph as a point that could result in water stress due to lack of moisture. 
The full point is set at a value below saturation to avoid excess moisture and 
potential leaching of nutrients. 

Volumetric soil water contents measured using the capacitance probes 
were used to calculate the water content for the entire profile. Figure 6 shows 
the mean water content (of three capacitance probes randomly placed in the 
field) for the 0- to 40-, 40- to 110-, and 0- to 110-cm depth profile. Irrigation 
was scheduled based on the recommended refill points depending on the tree 
growth stages. Accordingly, the soil water content in the root zone was 
maintained within 33% depletion of the ASW during the critical period 
from February to June and at 67% during the rest of the year. From Fig. 6 
it is evident that the water content in the root zone was maintained within 
the target refill points during the entire growing season, except for few occa- 
sions during February to June when the water content in the root zone 
dropped slightly below the refill point just before the subsequent irrigation 
event. The sharp increase and decrease in the water content following each 
irrigation or rain event clearly demonstrates the low water-holding capacity 
and high hydraulic conductivity of this soil. 

The increase in water content in the soil immediately below the root zone is 
due to water drainage from the root zone. During the first 90 days of the year, 
the water content below the root zone varied around 40 mm, except on 19 
January when it increased to 60 mm as a result of 42 mm of irrigation applied 
as a precautionary measure to protect against forecasted freezing tempera- 
tures. In April, the water content below the root zone showed large increases 
in response to heavy rainfall events. This was due to a net total rainfall of 174 
mm, which was nearly fivefold greater than the long-term average. May and 
June were drier than the average. This explains the decrease in the water 
content below the root zone as compared with its level during April. The 
remaining portion of the year was in the rainy season, and an unusually wet 
fall resulted in excess water drained below the root zone. 

Capacitance sensors were used for irrigation scheduling on Creamgold 
onions in Australia (Muldon et al., 1999) on self-mulching clay soils. The 
sensors were installed at 10-cm intervals up to 100-cm depth on 1.5-m beds 
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Figure 6 Depth-integrated soil water content (A) within and (B) below the root zone, and for 
(C) the entire monitored soil profile depth during 1997. The refill points indicate the soil water 
content at which irrigation was scheduled to replenish the water deficit (Reprinted from Fares, A., 
and Alva, A. K. (2000). Soil water components based on capacitance probes in a sandy soil. Soil 
Sci. Soc. Am. J. 64, 311-318). 


where onions were planted in five rows and furrow-irrigated. For this soil 
type, the ASM was 0.09 cm? cm >. Onions extracted water from the depth of 
up to 50 cm below which the soil remained at field capacity. Three irrigation 
events were applied when water content was well below the refill point. It 
was estimated that out of 4 x 10° L ha of water applied, 2.4 x 10° L ha! 
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was used by the crop, producing a crop yield of 65 t ha '. Further reduction 
of water losses was possible by using more frequent irrigation events with 
less volume of water per event. 

Alva et al. (2003) evaluated the application of capacitance probes for real- 
time monitoring of soil moisture both within and below the root zone of a 
potato crop in a sandy soil in the Pacific Northwest of the United States. 
They reported a good correlation of soil moisture content measured by 
capacitance probes and that measured using destructive soil sampling. 

An automatic soil water station (ASWS) using capacitance sensors was 
used to monitor soil water content and irrigation scheduling of potato crops 
planted in ridges and beds in the United Kingdom (Robinson, 1999). The 
soil sensors were installed at 0.15-, 0.25-, and 0.5-m depth below the top of 
the ridge/bed. Hourly data were collected so that a high temporal resolution 
data set could be constructed in order to increase conceptual understanding 
of hydrological processes at a scale appropriate to the crop. The author 
demonstrated that the water available to the crop was very limited; effec- 
tively between 0.25 and 0.08 cm? cm”. In addition, a deficit of no greater 
than 15 mm was allowed to develop in the soil so that the surface of the 
potato is kept moist to prevent infection by scab. The ASWS data helped to 
establish that most of the water bypassed the potatoes planted in ridges as 
irrigation water applied to the crop from a boom irrigator was shed off the 
ridges infiltrating in the furrows. A soil water deficit built up inside the ridge 
was not replenished by irrigations. A second early potato crop planted in 
beds was more successful at capturing water as the flat bed increased water 
infiltration around the crop. 

Moons and Gilmore (2001) reported a number of positive results on capaci- 
tance probes for irrigation scheduling of potato in Manitoba. The growers 
confirmed the probes’ accuracy through their use in commercial production. 
They were able to avoid gross error in irrigation scheduling by managing 
their soil moisture within the refill and full points. As a result, water was 
used more efficiently throughout the growing season. 

An integrated real-time irrigation scheduling system has been developed 
for some crop in southeastern Australia (Malano et al., 1996). The system 
comprises a soil moisture monitoring device, a medium-term weather fore- 
cast, and a decision support system to assist irrigators in making irrigation 
scheduling and water ordering decisions. Three soil moisture monitoring 
devices, including capacitance sensors, were tested over two irrigation sea- 
sons for accuracy and reliability, and during this time were used to assist in 
the irrigation scheduling task. 

Thompson et al. (2004) developed dynamic protocols for drip-irrigated 
vegetable crops grown in greenhouse-covered soils using MCP. Melon, 
tomato, and pepper were grown sequentially. The manufacturer’s recom- 
mended protocols were applied to melon, using a single EnviroSCAN system 
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probe located 6 cm from the plant and 10 cm from the emitter, with four 
sensors at different depths up to 40 cm. Compared to a tensiometer-managed 
treatment, total irrigation volume applied, fruit production, and soil matric 
potential (10-cm depth) were very similar. These protocols were suggested 
for this and similar drip-irrigated horticultural systems. 

These works demonstrate that considerable improvement to efficient water 
use can be made by collecting high-resolution soil water content data in 
the soil, around the crop in real or near-real time. Field trials incorporating 
this style of technology to understand soil water processes provide a 
comprehensive way of studying crop water response. 


IV. DETERMINATION OF SOIL WATER 
PHYSICAL PROPERTIES 


A. FELD Som WATER STORAGE 


The storage capacity of a soil profile (soil water storage capacity, SWSC) 
is the depth of water required to raise a shallow water table to the soil surface 
(Nachabe et al., 2004). The concept of SWSC as introduced by Nachabe 
et al. (2004) is fundamental to many hydrological processes, including 
surface runoff by saturation excess, expansion and contraction of wetlands, 
and estimation of the length of an overland flow plane. They introduced and 
tested a model to estimate SWSC using simultaneous observations of shal- 
low water table fluctuations and soil moisture in a shallow, sandy soil 
(hyperthermic Aeric Alaquods). The water table at their selected sites fluc- 
tuated between a shallow depth and the soil surface during the summer, 
allowing frequent observation of surface inundation and profile storage. 
They also used the following equation: SWSC = Ad? + Cd + D to ade- 
quately describe the variability of SWSC with d, depth to the water table and 
where the parameters 4, B, C, and D are easily derived from basic physical 
properties of the soil horizons, including porosity and water retention. They 
further showed that the SWSC can be significantly limited by the capillary 
fringe above the water table, encapsulated air (the volume of air trapped 
under positive pressure beneath the water table), or the presence of a clay 
pan at shallow soil depths. The capillary fringe had some influence on SWSC in 
this sandy soil, but encapsulated air as high as 11.0% of the soil volume was 
observed at the site. Encapsulated air reduced the available soil storage and 
resulted in a rapid rise in water table. Ignoring encapsulated air significantly 
underestimated soil profile storage. Storage results including and excluding air 
encapsulation were compared as a function of water table depth. 
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MCP was also employed to monitor soil water dynamics in a sandy soil 
within and below the root zone of corn (Starr and Timlin, 2004). Temporal 
variability in soil moisture was recorded during soil water recharge and 
high ET periods October to April and May to September, respectively. All 
water parameters (infiltration, net storage, drainage, and crop water uptake) 
were the lowest during the recharge period, and lower under no-till (NT) 
management than plow-till (PT). 

The relationship between the soil water content and the soil water suction, 
defined as the soil water release curve, is a fundamental part of the charac- 
terization of the hydraulic properties of the soil (Klute, 1986). Knowledge 
of the soil water release curves is important for effective irrigation of crops. 
Soil water release curves and saturated hydraulic conductivities can be 
determined in the laboratory, using disturbed and undisturbed soil cores 
(Klute, 1986; Klute and Dirksen, 1986) or in the field (in situ method) as 
described by Bruce and Luxmoore (1986) and Elrick et al. (1984). The in situ 
field method of determination of the soil water release curve is known as 
the instantaneous profile method. This method gives more realistic results 
of the field hydraulic conductivity and soil water release curves than the 
laboratory measurements. Before the introduction of real-time measurement 
of soil water contents with MCP, this method used to be labor intensive and 
requires considerable time and efforts (Bruce and Luxmoore, 1986). 

The instantaneous profile method has been used by several researchers on 
different soil types (Bruce and Luxmoore, 1986; Dane and Puckett, 1992; 
Davidson et al., 1969; Gardner, 1970; Giesel et al., 1970). It requires frequent 
and simultaneous measurements of soil water content and matric potential 
for given depth of soil profile under conditions of drainage. The automatic 
acquisition of matric potential data is usually facilitated by pressure trans- 
ducers, while corresponding soil water content is monitored by neutron 
probe. The use of capacitance probes for the instantaneous profile method 
was limited (Fares et al., 2000). A pioneer study to determine soil water 
release curves using capacitance probes at five soil depths was conducted in 
Candler fine sand in Florida (Fares et al., 2000). 

Water content and pressure potentials for five depths were monitored at 
frequent time intervals using capacitance probes and tensiometers. The 
suction varied from 0 at soil saturation, in the beginning of the experiment, 
to 80 cm at a soil water content of 0.05 cm? cm” (Fig. 7). This was due to 
rapid water drainage from large pores, which constitute the majority of the 
pores in sandy soil. The water drainage from fine pore space requires more 
energy (Parlange et al., 1998), which is indicated by leveling of the retention 
curve at suction higher than 40 cm (Fig. 7). Results of this study (Fares et al., 
2000) compared well with the data reported by Sodek et al. (1990) for the 
same soil in laboratory conditions. The authors demonstrated that the 
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Figure 7 Volumetric water content and soil water matric head for the entire soil profile 
(0-110 cm) of Candler fine sand (Reprinted from Fares et al. (2000). Estimation of soil hydraulic 
properties of a sandy soil using capacitance probes and guelph permeameter. Soil Science 165, 
768-777). 


capacitance probe is a practical tool that can be effectively used to determine 
in situ soil water characteristic curves at different soil depths. 

Morgan et al. (2001) compared tensiometers and resistance blocks matric 
potential values to soil water content values from capacitance sensors cali- 
brated gravimetrically in a Florida fine sandy soil. The effective range of the 
capacitance sensors in fine sandy soils allowed the authors to obtain water 
release curves in the range between 5 and 20 kPa. Soil water potential values 
for both sensors (tensiometers and resistance blocks) were within 2 kPa of 
the mean for each sensor. Change in the soil matric potential was similar 
over the range of water content 0.04-0.08 cm? cm *. Retention curves for the 
two sensors were different by 4 kPa at 0.04 cm? cm” water content. Soil 
water retention curves obtained using capacitance sensors and tensiometers 
and resistance blocks were shown to be robust and convenient techniques. 


B. Frecp Unsaruratep Hyprautic ConDucrIvITY 


Because tensoimeters have a limited range of operation, field measure- 
ments of hydraulic conductivity (k), 0,, and h are often combined with 
approximate analytical functions (van Genuchten, 1980) to estimate the 
k-0,-h relationship over the wide range needed for irrigation design and 
scheduling and for water-solute—crop growth modeling. 
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Figure 8 Hydraulic conductivity as a function of volumetric water content for the 10-, 20-, 
40-, 70-, and 110-cm soil profile of a Candler fine sand during water redistribution (Reprinted 
from Fares et al. (2000). Estimation of soil hydraulic properties of a sandy soil using capacitance 
probes and guelph permeameter. Soil Science 165, 768-777). 


The relationship between the unsaturated hydraulic conductivity and the 
soil water content was derived by van Genuchten (1980) and is expressed as 
following: 


(0) = kosti — (1 -= s”) . (7) 


where S, = (0-0,)/(0,-0,); 0, (em? cm™) is the water content at saturation; 0, 
(cm? cm °) is the residual water content; 0 (em? cm °) is the water content at 
which k is being calculated; m is a fitting parameter; and k, (cm day’) is the 
saturated hydraulic conductivity. 

Fares et al. (2000) used capacitance probes, tensiometers, Guelph permia- 
meter, and van Genuchten hydraulic function [Eq. (7)] to determine unsatu- 
rated hydraulic conductivity in a fine sand soil. Figure 8 obtained using 
capacitance sensors data shows that the hydraulic conductivity of sandy soil 
decreased exponentially as the volumetric water decreased to 0.1 cm? cm”. 
The rate of increase in k(@) was small at low water content but increased 
sharply as it approached saturation (Fig. 8). This rate of decrease of the 
hydraulic conductivity increased sharply between water content of 0.1 cm? 
cm” and the residual water content level. Thus, the hydraulic conductivities 
dropped from their maximum at saturation values (7.06 x 10% and 11.57 x 
10° m s7’) to 9.72 x 10° to 4.87 x 10” m s™ at 0.1 cm? cm ? volumetric soil 
water content. The decrease in k(0) was greater as the volumetric soil water 
content decreased below 0.1 cm? cm™° to the permanent wilting point. 
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By combining the Guelph permiameter and analytical fitting software RETC 
(van Genuchten et al., 1991), it was possible to estimate k(0) at different soil 
water contents and, consequently, soil matric potential. Results of this 
study demonstrate that capacitance sensors are practical tools that can be 
used effectively to determine unsaturated hydraulic conductivity over a wide 
water content range. These results are very helpful for irrigation management 
and water losses determination. 


C. SPATIAL AND TEMPORAL DISTRIBUTIONS 
OF Som PHYSICAL PROPERTIES 


Gish et al. (2002) employed MCP to investigate the influence of sub- 
surface stratigraphies on subsurface soil water movement up to 1.8-m 
depths. They reported that the shape of restrictive layers at the interface 
of different textures within the soil profile affects the relationship between 
soil depth and water storage capacity. Soil moisture decreased with increas- 
ing depth in profiles immediately above concave or flat restrictive layers, while 
the inverse relationship was observed above bowl-shaped restrictive layers. 
They also used MCP data to document matrix flow along topographical 
gradients. 

Nachabe et al. (2005) investigated spatial and temporal variabilities in 
total soil moisture (TSM) and ET as measured with MCP in a mixed 
vegetation system of pasture with a riparian forest buffer. Short-term tem- 
poral variability was determined to be a function of balance between surface 
water discharge and ET with soil water storage increasing overnight when 
ET approximated zero and dropping during the day as a result of high ET. 
Over the long-term, temporal variability was also a function of ET with 
higher soil moisture during the recharge period when ET was low. 


V. USE OF MCP TO CALCULATE DIFFERENT 
FIELD WATER CYCLE COMPONENTS 


A. Pranr Water USE 


Plant water use and ET are used interchangeably in this section of the 
chapter. Fares and Alva (1999, 2000) used real-time soil water content 
data collected through an MCP system to optimize citrus irrigation under 
Florida ridge soil. The data provided by the MCP were used with daily 
rainfall, irrigation, soil water characteristic curves, and effective rooting 
depth to determine the components of citrus water balance. Daily ET and 
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drainage below the root zone were calculated at three different locations. 
Their daily ET varied seasonally, ranging from 0.4 mm day” in January to 
5.0 mm day ’ in July and August. These daily ET values were well within the 
daily ET values reported for citrus trees in Florida. 

Nachabe et al. (2005) introduced a method to estimate ET in shallow 
water table environments under Florida conditions. This method measures 
the diurnal fluctuations in TSM above the water table to estimate (1) the 
net lateral and vertical subsurface flux in the aquifer and (2) ET from 
the vegetation cover. They showed that in a hillslope discharge zone, the 
net lateral subsurface flux was calculated from the recovery rate of soil 
moisture between midnight and 0400 h. ET was then estimated from a 
daily water balance in a soil column that included the water table. They 
tested this method on two vegetation covers, a pasture in a groundwater 
recharge area and a riparian zone with woody vegetation in a groundwater 
discharge area. An MCP carrying eight sensors was used in each area to 
estimate the total soil water content. During their study period, the measured 
water table depth fluctuated between soil surface and a depth of 1.2 m, 
allowing observation and estimation of the TSM in a soil column that 
included the water table. The results of this investigation support another 
hypothesis that, in humid, shallow water table environments, ET demand 
may be supported by adjacent ecosystems. This method provided reasonable 
results for the two landscapes investigated and was able to capture the 
variability of ET in heterogeneous vegetation covers. This is a relatively 
inexpensive alternative to characterize ET within regionally heterogeneous 
but microhomogenous landscapes. This tested method can be easily adapted 
to other soil types with shallow water table. Another advantage of this method 
is that ET can be successfully estimated without detailed knowledge of soil 
hydraulic properties, subsurface flow patterns, or vegetation characteristics. 

Diurnal fluctuation in ET was observed to be the driving force behind 
temporal variability under corn (Starr and Paltineanu, 1998). Spatial varia- 
bility under the monoculture was related to variability in soil management. 
In areas under NT management, soil water storage was higher than that 
under PT management. 

Paltineanu and Starr (2000) quantified the row and interrow soil water 
dynamics under multiple annual no-tillage and plow-tillage corn experiments. 
Real-time soil water dynamics was studied for a 3-year period with MCPs. 
Small-scale, spatially dependent variation in real-time soil water dynamics 
was largely caused by cultural practices that resulted in localized changes 
and patterns of preferential water flow. Smaller rainfall events (<15 mm), 
summer rains, resulted in significantly increased soil water storage in the 
5- to 55-cm soil depths for the NT in-row position, compared with the 
other NT interrow positions, and compared with the plow-tillage in-row 
position. 
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These results show that using a real-time soil water monitoring system 
with MCPs placed at the in-row and interrow positions of corn versus 
real-time data of incoming rainfall could highly improve the understand- 
ing of real-time water dynamics phenomena in the soil—plant—atmosphere 
continuum. Coupling measured plant canopy effects on water redistri- 
bution by stemflow versus throughfall with real-time measures of water 
inputs by rainfall or irrigation, and soil water dynamics with depth and 
time can lead to better understanding and prediction of water and chemical 
penetration in soils. 


B. Dramace Betow THE Root ZONE 


Darcy’s equation is the standard equation implemented in all numerical 
water flow models that has been used to calculate water movement in porous 
medium, that is, drainage losses below certain depth. Fares and Alva (1999, 
2000) used this tool along with MCP real-time data and soil physical pro- 
perties to calculate daily drainage rates at three different locations within a 
citrus grove in central Florida. Their results showed that daily drainage 
varied considerably through the two-year-study period (1996-1997). The 
mean drainage values for 1997 were as high as 47 mm. In general, the 
daily drainage rates were low during January to March, which represents 
the dry months when the optimal irrigation is critical for the trees. The 
rainfall in April 1997 was fivefold greater than the long-term average and 
accordingly resulted in several large drainage events. Greater than 40% 
of the annual cumulative drainage occurred during October to December, 
which were unusually wet months. The mean cumulative annual drainage 
in 1997 was 890 mm or 47% of the total water input (irrigation + rainfall = 
1810 mm). Furthermore, they reported that 82% of the cumulative annual 
drainage was contributed by rainfall. Irrigation based on monitoring 
soil water content using capacitance probes minimized water drainage 
below the root zone in a system where rainfall contributed substantially to 
drainage. 


C.  EFrective RAINFALL 


Effective rainfall (ER) is defined as useful or utilizable rainfall. Some of 
the rainfall may be unavoidably lost due to the combined effect of rainfall 
intensity, frequency, and amount. Just as total rainfall varies, so does the 
amount of ER. The useful portion of rainfall is stored and supplied to the 
plant for its use. Water-regulating agencies often require accurate estimates 
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of the components of the crop water budget in order to fairly allocate 
irrigation water resources to growers (Obreza and Pitts, 2002). This means 
that ER needs to be estimated. 

Several methods have been used to calculate ER. Technical Release No. 21 
(TR-21) has been used worldwide to calculate ER and predict irrigation 
requirements. Improvement in real-time soil water monitoring sensors 
provided a good opportunity to test the accuracy of the TR-21 in estimating 
ER. Obreza and Pitts (2002) used a spreadsheet to develop an analytical model 
that implements the TR-21 equation to calculate ER. They computed ER as 


ER = P — RO — DP (8) 


where P is precipitation, RO is run-off, and DP is deep percolation (precipita- 
tion that moves below the root zone). 

Fares et al. (2004a) used two MCP systems to investigate shading and 
irrigation effects on spatiotemporal distribution of rain, plant water uptake, 
and water content under mature Hamlin orange trees grown in a Florida 
sandy soil. Most citrus groves in Florida are irrigated with microsprinklers. 
These systems do not wet the entire grove floor. Hence, ER in citrus 
groves with microsprinkler systems is spatially and temporarily variable. 
Soil water contents under the trees in three directions (north, south, and 
west of the trunk), at three locations (0.9, 1.8, and 3.0 m away from the 
trunk), and at 0.1, 0.2, 0.4, and 0.8 m below the soil surface (Fares et al., 
2004a). Rain gauges were installed under and outside citrus tree canopy 
between two adjacent tree rows close to the MCP. The soil water status in 
both irrigated and nonirrigated zones was monitored in real time. This 
allowed determining ER within and outside tree canopy. There were signifi- 
cant differences in water content dynamics between the irrigated and nonir- 
rigated areas of the citrus grove. Results of this study showed that 100% of 
the 55.9 mm of rainfall that occurred was effective in the nonirrigated area of 
the groves; however, only 63% was ER for the irrigated area under the tree 
canopy (Fig. 9). The major factors that contributed to low ER in the 
irrigated area were rainfall interception by the canopy and higher water 
content in this zone due to irrigation. 

Paltineanu and Starr (2000) evaluated spatial variability in canopy inter- 
ception and plant water uptake under rain-fed corn grown on a Maryland 
silt loam soil. These investigators found that the amount of intercepted 
rainfall redistributed to the ground as stemflow was 10-30 times greater 
than throughfall. However, the ratio of stemflow to throughfall was lower 
under heavy rainfall events and later in the season when drooping leaves 
reduced the amount of intercepted rainfall that was redirected to the stem. 
The influence of intercepted rainfall redistribution on spatial variation in soil 
water storage was evaluated using MCP and determined to be largely a 
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Figure9 Daily and cumulative effective rainfall (ER) for the irrigated and nonirrigated areas 
of citrus grove (Fares et al., 2004). 


function of tillage. Under low rainfall events (<5 mm), almost all rainfall 
was redistributed to the soil within row. However, changes in soil water 
storage were detected only in plots under NT, but not under PT, manage- 
ment, indicating that water did not infiltrate beyond 5 cm where the first 
sensor was positioned in the tilled plots. This was attributed to the generally 
higher moisture measurements under NT plots. Following heavy rainfall 
events, surface and subsurface movement of excess stemflow to interrow 
areas limited lateral spatial variability. However, infiltration rate and depth 
were greater in NT than PT plots; this phenomenon was also attributed to 
higher moisture measurements under NT plots. 


VI. EFFECT OF FLUCTUATION OF SOIL 
TEMPERATURE AND SOIL SALINITY ON THE 
PERFORMANCE OF MCP 


The effect of soil temperature on capacitance and TDR sensors has been 
reported for different soil types (Baumhardt et al., 2000). In 5-45°C range, 
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the dielectric constant of water decreases with the increase of temperature at 
an approximate rate of 0.36°C | (Weast, 1986). In addition, a small decrease 
of capacitance frequency, which means an apparent increase in water con- 
tent, may be attributed to the temperature effects on the sensor’s circuitry 
(Dean et al., 1987). Seyfried and Murdock (2001) reported negative effect of 
temperature on measured value of 0, for sand, while for various soils the 
relationship was positive, resulting in large apparent 0, variation across a 
40°C temperature change. Kuraz (1982), studying temperature effects on 
fine sand with a portable capacitance sensor at different water contents, 
reported an increase in the frequency of the capacitance sensor with increas- 
ing sand temperature from 15 to 30°C. The observed trend was much more 
evident at higher water contents. Baumhardt et al. (2000) observed cyclical 
fluctuation in 0, induced by similar soil temperature fluctuations of 15°C as 
estimated by MCP and TDR. Wraith and Or (1999) demonstrated experi- 
mentally that temperature affects soil permittivity by changing the physical 
properties of water bound near the surface of 2:1 clay minerals. Further- 
more, Yu et al. (1999) established theoretically that changes in temperature 
of the mineral soil fraction have little impact on soil permittivity. Baumhardt 
et al. (2000) attributed 0, fluctuations indicated by both TDR and MCP to 
temperature-dependent fluctuations in the soil permittivity. 

However, it is likely that the dielectric constant for soil water is less than 
that for free water because of the interactions between soil water and the soil 
surface (Hasted, 1972). The dielectric constant of water is temperature 
dependent (Weast, 1986). It decreases with increasing temperature; thus, it 
is reasonable to assume that the dielectric constant of wet soils behaves in a 
similar way, leading to errors in the measurements if temperature effects are 
not accounted for (Persson and Berndtsson, 1998). More research has been 
conducted on temperature effects on TDR than on capacitance probes. 
There have been conflicting reports of any significant temperature effects 
on water content measurements using TDR (Halbertsma et al., 1995; Pepin 
et al., 1995; Persson, 1997; Seyfried and Murdock, 2001; Wraith and Or, 
1999) and capacitance probes (Baumhardt et al., 2000; Dean et al., 1987; 
Hamdhani, 2005; Mead et al., 1995; Paltineanu and Starr, 1997; Polyakov 
et al., 2005). 

Paltineanu and Starr (1997) studied the effect of air and water tempera- 
tures on capacitance readings. They found that the calculated effects of 
temperature on water content across the range 10-30°C was in the order 
of the root mean square error (RMSE) for their calibration curve. Mead 
et al. (1995) reported significant salinity and temperature effects on soil 
water measurements using MCP. Several hypotheses were postulated to 
explain the temperature effect on soil water content. The increase of the 
dielectric constant in some soils was attributed to the release of bound water 
at high temperature to free water in soils with high specific surfaces (Or and 
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Wraith, 1999; Pepin et al., 1995; Wraith and Or, 1999). Results obtained by 
Wraith and Or (1999) show that the higher the surface area and the lower the 
water content, the more likely it is to observe an increase in TDR-measured 
bulk dielectric constant. Persson (1997) suggests three different explanations 
for the increase in the dielectric constant with temperature: (1) contributions 
of the imaginary component of the dielectric constant [Eq. (3)], (2) overesti- 
mation of the dielectric constant due to increasing soil electric conductivity, 
and (3) the release of bound water. High salt content in the soil has previ- 
ously been shown to lead to overestimation of the water content (Noborio, 
2001; White et al., 1994). 


VII. CONCLUSIONS 


Success of capacitance soil water monitoring devices has generated 
interest in using this technology in areas other than irrigation scheduling. 
Capacitance determines the soil water content using the dielectric constant 
of the soil-air-water mixture. This chapter covered several topics relevant 
to capacitance, including theory, calibration, different applications of this 
technology, and obstacles facing capacitance soil water content sensor. Some 
of the challenges that have been facing this industry includes: (1) Further 
research to study and correlate the real-time components of water balance in 
the soil-plant—atmosphere system over large areas will enhance our under- 
standing and predictive capability of water and chemicals in agricultural 
systems. (2) Most of the existing capacitance sensors are affected by 
soil temperature and salinity, thus, limit their spread. High soil salinity 
and temperature are real problems in arid and semiarid environments, 
where soil water sensors are needed to optimize the use of the limited 
water resources. Efforts are needed to eliminate or at least minimize these 
negative effects of soil salinity and temperature on the performance of 
capacitance sensors. (3) Expanding needs are increasing in the area of spatial 
and temporal analysis of natural resources requiring the development 
of different sensors, that is, water content and nutrient-specific sensors. 
Improved capacitance sensors have the potential to help meet these needs. 
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A long-standing desire in biogeochemistry is to be able to examine the 
cycling of elements by microorganisms, as the processes are happening 


on 


surfaces of earth and environmental materials. Over the past decade, 


physics, engineering, and instrumentation innovations have led to the intro- 
duction of synchrotron radiation-based infrared (IR) spectromicroscopy. 
Spatial resolutions of less than 10 micrometers (um) and photon energies 
of less than an electron volt make synchrotron IR spectromicroscopy non- 
invasive and useful for following the course of biogeochemical processes 


on 


complex heterogeneous surfaces of earth and environmental materials. 


In this chapter, we will first briefly describe the technology and then present 


79 


Advances in Agronomy, Volume 90 
Copyright 2006, Elsevier Inc. All rights reserved. 
0065-2113/06 $35.00 
DOT: 10.1016/S0065-2113(06)90003-0 


80 H.-Y. N. HOLMAN AND M. C. MARTIN 


several examples demonstrating its application potentials in probing and 
imaging biogeochemical processes. © 2006, Elsevier Inc. 


I. INTRODUCTION 


Microorganisms are important agents in the geochemical cycling of ele- 
ments. For example, they can change the speciation of metal ions and 
organic carbons in soils and sediments by releasing complexing agents 
and by enzymatically catalyzing reactions (Barker and Banfield, 1996, 1998; 
Benzerara et al., 2005; Cooper et al., 2005; Edwards et al., 2000, 2001; Ehrlich, 
1998, 2000; Emerson and Ghiorse, 1993; Ghiorse and Hirsch, 1979; Jones 
et al., 2003; Kalinowski et al., 2000; Lajtha and Schlesinger, 1988; Lovley and 
Woodward, 1996; Miller et al., 2004; Tebo et al., 1997). They can also modify 
the composition of pore fluid and groundwater through controlled mineral 
weathering and precipitation (Andrejchuk and Klimchouk, 2001; Barker 
and Banfield, 1998; Bennett et al., 2000; Benzerara et al., 2002, 2005; Cacchio 
et al., 2004; Cheah et al., 2003; Edwards et al., 2005; Ehrlich, 1994, 1998; Engel 
et al., 2004; Goodhue et al., 2005; Joeckel and Clement, 2005; Maurice et al., 
2001; Mcmahon and Chapelle, 1991; Renault et al., 1998; Sanchez-Moral et al., 
2003; Spilde et al., 2005; Welch et al., 2002). Most importantly, they 
can transform many environmental pollutants to less toxic species (Aksu, 
2005; Francis et al., 2000, 2004; Lack et al., 2002; Lovley and Phillips, 1992; 
Lovley et al., 1993a,b; Merroun et al., 2005; Neal et al., 2004a; Osborne 
and Ehrlich, 1976; Panak et al., 2002; Phillips et al., 1995; Suzuki and 
Banfield, 2004; Watson and Ellwood, 2003; Watson et al., 2000; Zouboulis 
and Katsoyiannis, 2005). With the discovery of diverse microbial communities 
thriving in every possible environment (Amend, 2004; Baker and Banfield, 2003; 
Balkwill and Ghiorse, 1985; Burton and Lappin-Scott, 2005; Campen et al., 
2003; Dees and Ghiorse, 2001; Douglas and Douglas, 2001; Edwards 
et al., 2003; Fredrickson et al., 2004; Ghiorse and Chapnick, 1983; Krumholz 
et al., 1997; Leveille et al., 2000; Macalady and Banfield, 2003; Pennisi, 2000; 
Schabereiter-Gurtner et al., 2002; Sinclair and Ghiorse, 1989; Templeton et al., 
2005; Wellsbury et al., 2002; Zhang and Lanoil, 2004), researchers in biogeo- 
chemistry are now increasingly focused on expanding their understanding of 
roles of environmental microorganisms at a more fundamental level. Many 
important microbial processes happen at the interface between microorgan- 
isms and earth or environmental materials. This necessitates a more compre- 
hensive study and analysis of how microorganisms through their wide range 
of metabolic capabilities interact with their environments, especially at 
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surfaces of earth and environmental materials. This surface biogeochemistry 
can be highly variable at a microscopic level because of the small-scale 
(ranging from one micron to hundreds of microns) surface heterogeneity, 
which involves the distributions of clusters of mineral-inhabiting microorgan- 
isms and reactive molecules of metal oxides and organic molecules. The 
methodology commonly employed to study this type of heterogeneous biogeo- 
chemical phenomenon is a combination of microscopic imaging and 
synchrotron radiation (SR)-based X-ray spectroscopy techniques. The inter- 
ested readers can read reviews (Brown and Parks, 2001; Gordon and Sturchio, 
2002) and other relevant studies (Amonette et al., 2003; Arnesano et al., 2003; 
Benison et al., 2004; Benzerara et al., 2005; Cooper et al., 2005; De Stasio 
et al., 2001; Fein et al., 2002; Foriel et al., 2004; Francis et al., 2004; Jones 
et al., 2003; Jurgensen et al., 2004; Khijniak et al., 2005; Lack et al., 2002; 
Li et al., 2003; Lieberman et al., 2003; Neal et al., 2004a,b; Nesterova et al., 
2003; Panak et al., 2002; Pickering et al., 2001; Prange et al., 2002a,b; Renshaw 
et al., 2005; Saita and Maenosono, 2005; Sarret et al., 2005; Suzuki et al., 2003; 
Tebo et al., 2004, 2005; Templeton et al., 2005; Toner et al., 2005; Twining 
et al., 2004; Vogt et al., 2003; Watson and Ellwood, 2003; Wildung et al., 2004; 
Zouboulis and Katsoyiannis, 2005). SR-based X-ray spectromicroscopy stud- 
ies have provided important and unique information about how microorgan- 
isms interact with earth and environmental materials. However, the energy 
range associated with SR-based X-ray spectromicroscopy techniques is 
between tens and thousands of electron volts (eV), which can adversely 
affect, harm, or even kill the microorganisms. Consequently, it has limited 
the use of these techniques to measuring the biogeochemical actions only at 
single time points. 

Being able to measure real-time sequential molecular changes in a bio- 
geochemical system, as they are happening on surfaces of earth and 
environmental surfaces, has been a long-standing scientific desire in biogeo- 
chemistry. The new availability of SR-based infrared (IR) sources to the 
scientific community in the 1990s provided this opportunity. Our group 
began developing an SR-based Fourier transform infrared (SR-FTIR) spec- 
tromicroscopy approach in 1998 for studying biogeochemical transforma- 
tion of environmental pollutants, choosing the reduction of hexavalent 
chromium by living microorganisms on mineral surfaces as the initial appli- 
cation (Holman et al., 1999). Prior to the availability of SR-based IR 
facilities, these type of in vivo and in situ measurements were very difficult 
for two reasons. First, earth materials inherently have low IR reflectivity 
surfaces. High-quality IR spectroscopy measurements of earth and environ- 
mental materials require a high-IR photon flux on small surface areas. 
Without an SR-based source, one often needs to coadd thousands to tens 
of thousands of spectral scans, which can be prohibitively time consuming. 
Second, the IR measurements of live microorganisms had been problematic. 
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Investigators were required to feed bacteria with a substantial quantity of 
deuterated substrates in order to obtain sufficient signal-to-noise spectra 
(Cameron et al., 1983). However, deuterated substrates are known to alter 
activities and even produce stresses in microorganisms (Newo et al., 2004; 
Pshenichnikova et al., 2004). 

There are 13 synchrotron IR spectromicroscopy facilities around the 
world with several more under construction or planned (see, for instance, 
http://www.lightsource.ca; http://www.diamond.ac.uk). Within the United 
States, there are four active synchrotron IR facilities with microscopy cap- 
abilities: (1) the National Synchrotron Light Source (NSLS, Brookhaven 
National Laboratory), (2) the Synchrotron Radiation Center (SRC, Uni- 
versity of Wisconsin-Madison), (3) the Center for Advanced Microstructures 
and Devices (CAMD, Louisiana State University), and (4) the Advanced 
Light Source (ALS, Lawrence Berkeley National Laboratory); each has 
similar capabilities and uniqueness. All four are user facilities (i.e., available 
to qualified scientists). The first SR-FTIR spectromicroscopy experi- 
ments relevant to earth materials were the measurements of composition 
of clay mineral surfaces (Bantignies et al., 1995), followed shortly by mea- 
surements of hydrous minerals (Lu et al., 1999) and of entrapped oil—water 
inclusions (Guilhaumou et al, 1998). The first SR-FTIR spectro- 
microscopy experiment relevant to cells, although not performed on bacte- 
ria, was chemical imaging of single human cells (Jamin et al., 1998), bones 
(Miller et al., 1998), and plant tissues (Wetzel et al., 1998). The first SR- 
FTIR spectromicroscopy experiments relevant to biogeochemistry in vadose 
environments were the in situ and in vivo sequential measurements of reduc- 
tion of hexavant chromium by a colony of basalt-inhabiting bacteria 
(Holman et al., 1999) and of metabolization of pyrene by a colony of soil- 
inhabiting bacteria from a Superfund site (Holman et al., 2002b). The first 
SR-FTIR spectromicroscopy experiments of aqueous environments was 
the characterization of metal-cyanobacteria sorption reactions (Yee et al., 
2004b). 

The purposes of this chapter are to familiarize readers with SR-FTIR 
spectromicroscopy and to realize key issues requiring consideration prior 
to its application to biogeochemistry. Rather than presenting a com- 
prehensive review of all applications of SR-FTIR spectromicroscopy, we 
shall focus on contents that illustrate the requirements and utility of SR- 
FTIR spectromicroscopy as a noninvasive molecular probe for tracking 
molecular changes in a biogeochemical system. The interested readers 
should read review articles on applications of SR-FTIR spectromicro- 
scopy to other related areas, including ecological and agricultural sciences 
(Raab and Vogel, 2004), surface and environmental sciences (Hirschmugl, 
2002a,b), and biology and biomedicine (Dumas et al., 2004; Holman et al., 
2000a,b; Miller et al., 2000, 2002; Wetzel et al., 2005). Readers can also find 
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information in the reports on the applications of SR-FTIR spectromicro- 
scopy, characterizing chemistry of fossil microorganisms (Foriel et al., 2004), 
susceptibility of plants to mildew (Vogel et al., 2002, 2004), structural- 
chemical features of feeds and plants (Yu, 2005a,b; Yu et al., 2003, 2004), 
transport of pollutants in plants (Dokken et al., 2005a,b,c), carbon in 
interplanetary dust particles (Bradley et al., 2005), and microbial mineraliza- 
tion and silicification processes (Benning et al., 2002, 2003, 2004a,b; Yee and 
Benning, 2002; Yee et al., 2003, 2004a,b). 


II. SR-FTIR SPECTROMICROSCOPY 


SR-FTIR spectromicroscopy takes advantage of three existing tech- 
nologies: (1) the well-known sensitivity and noninvasive nature of mid-IR 
spectroscopy to chemical functional groups in molecules and their confor- 
mations, (2) the convenience of a microscope to locate areas for molecular 
and composition analysis, and (3) the high signal-to-noise ratio provided 
by a noninvasive SR-based IR light source. Mid-IR spectroscopy is also a 
rapid, reagentless, and nondestructive analytical technique, which has a wide 
range of applications in biosciences, molecular or organismal. In the later 
section, we shall describe SR-FTIR spectromicroscopy and its issues as a 
biogeochemical microprobe following the background section. 


A. BACKGROUND 


The application of SR-based IR light as a source of energy to study 
biogeochemical processes is an experimental effort. It is based on the prin- 
ciple of vibrational spectroscopy of molecules in the IR region. FTIR 
spectroscopy of a sample is the use of a Fourier transform interferometer 
to study the interaction of incoming IR light with molecules in the sample. 
The instrumentation for Fourier transform spectrometry includes a source 
of IR light, a means to measure each photon energy, an interface allowing 
this discreet light to be transmitted or reflected by the sample, a detector, 
and a data recording and analysis system. The typical measurement recorded 
is a spectrum of IR absorbance in the sample as a function of the wavelength 
of IR light (typically expressed in units of wavenumber, cm~'). Atoms of 
a molecule vibrate with characteristic frequencies (normal modes) governed 
by their chemical bonds and symmetry environment. Incoming IR light 
will be absorbed by the molecule, if the following two criteria are met: 
(1) the frequency of the IR light matches exactly the frequency of the 
vibrational mode, and (2) the vibration causes an asymmetric change in 
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the charge distribution within the molecule (dipole moment). The strength of 
the dipole moment correlates with the strength of the absorption. IR 
spectroscopy is, therefore, sensitive to the presence of many chemical func- 
tional groups (structural fragments) in molecules in samples, and taken 
together, the set of vibration modes are unique for every molecular configu- 
ration. (More in-depth readings regarding vibrational spectroscopy of mole- 
cules and macromolecules can be found at the web site: http://infrared.als. 
Ibl.gov/FTIRinfo.html). 

IR radiation was discovered by William Herschel in 1800 during his 
investigations of the solar spectrum. However, the potential of using IR 
light energy as a source for spectroscopy was not realized until the later part 
of the ninteenth century. W. dew. Abney and E. R. Festing were the first 
researchers to successfully use IR radiation as a light source to obtain IR 
spectra of almost 50 organic compounds and recommended the use of IR 
spectroscopy as an analytical tool [Phil. Trans. Roy. Soc. London (1882). 
172, 887-918]. In 1905, William Weber Coblentz referenced this empirical 
evidence and demonstrated in his investigations of IR spectra that different 
atomic and molecular groupings absorbed specific and characteristic wave- 
lengths. However, it is the application of Fourier transform spectroscopy in 
conjunction with a Michelson interferometer in 1911 by Rubens and Woods 
that laid the foundation of modern FTIR spectroscopy. Difficulties asso- 
ciated with computing Fourier transformations manually had hindered the 
application of the technology. Throughout the first half of the twentieth 
century, its applications were limited mostly to researchers in physics and 
astronomy, although it had found its place in the Second World War as 
a useful diagnostic tool in determining the concentration and purity of 
butadiene in synthetic rubber. 

In 1949, Barer et al. (1949), Gore (1949), and Blout et al. (1949) demon- 
strated the potential importance of joining IR spectroscopy with microscopy 
to seeing microscopic structures in a sample, analyzing molecular chemistry, 
and relating composition with the observed microstructures (Barer, 1949, 
1953, 1954; Barer and Joseph, 1954; Bird and Blout, 1952; Blout, 1953). 
With continued improvement in high-quality detectors and spectrometers 
and the rapid development in microprocessor technology, the first practical 
IR microspectrometer, which was conceived by Coates et al. (1953), became 
available commercially in 1978. Shortly afterwards, the innovative appli- 
cation of the Fast Fourier transform algorithm (Cooley and Tukey, 1965) to 
FTIR spectroscopy, aided by the availability of low-cost high-speed compu- 
ters, has led to an explosive growth in mid-IR spectromicroscopy instrumen- 
tation primarily in the 1990s, and making it a popular analytical approach to 
detecting, identifying, and quantifying many molecular species mostly in 
biological samples. 
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The IR sources used in these FTIR spectromicroscopy (or microspectro- 
scopy) instruments are thermal emission elements (or thermal globars) that 
produce a graybody spectrum from a filament heated to between 1000 and 
2000 K. These globars can be rod-, coil-, or u-shaped, physically moderate in 
size (at least several millimeters), and typically radiate in all directions. As 
shown in Fig. 1, the FTIR bench optics collect the light, then collimate and 
pass it through the scanning interferometer. Next, this modulated light is 
directed into an IR microscope. The IR microscope objective and condenser 
optics are reflective and focus the IR light to a small spot on a sample. 
Finally, the light that the sample reflects or transmits is collected, focused 
onto a detector, and processed by a computer to produce an IR spectrum. 
The first FTIR spectromicrosocpy experiments were measurements on coals 
(Brenner, 1983) and polymers (Peitscher, 1986) during the first half of 
the 1980s. During the early 1990s, the first set of experiments performed 
on biological materials were on isolated human cells (Daoud et al., 1988), 
tissue specimens (Centeno and Specht, 1992; Centeno et al., 1992), and plant 
cells (Mccann et al., 1992). The FTIR spectromicroscopy measurements of 
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Figure 1 Schematic diagram of Fourier transform infrared (FTIR) spectromicroscopy 
experimental setup. Mid-IR radiation from either a synchrotron or a globar is transported to 
an FTIR interferometer bench. After modulation by the interferometer, an IR microscope with 
all-reflecting optics focuses the beam onto the sample. Microbial or biogeochemical samples can 
be placed inside an on-stage mini-incubator with environmental controls. The stage is computer 
controlled and rasters the sample in the x-y-z plane to +0.1 um precision to obtain spectral maps 
across the sample. The light reflected from the sample is collected by the same microscope optics 
and sent to an IR detector. A computer performs a Fourier transform on the measured 
interferogram to obtain an IR spectrum. (Reproduced with permission from Spectrosc.-Int. J., 
2003, 17, 139-159. IOS Press.) 





86 H.-Y. N. HOLMAN AND M. C. MARTIN 


bacteria were first conducted in conjunction with chemometrics to discrimi- 
nate different bacterial strains (Kansiz et al., 1999; Lang and Sang, 1998) 
almost 10 years later. The popularity of FTIR spectromicroscopy in research 
(as measured in terms of numbers of publications involving the applications 
of FTIR spectromicroscopy) soared (Fig. 2). 

However, light emitted from thermal globars does not provide sufficient 
signal-to-noise for the detailed spectral interpretation of microbial assem- 
blies of several to tens of microns. Such measurements were especially 
difficult to obtain if the microorganisms were on surfaces of earth materials 
with low IR reflectivities. High-quality IR spectroscopy measurements 
of these materials require high-IR photon flux focused to a small spot 
(brightness). The brightness attainable in IR spectromicroscopy is governed 
primarily by how point-like the source is. Thermal emission sources, for 
example, can be focused with an IR microscope to a spot with a 75—100-pm 
diameter. To measure something smaller, such as a small microbial colony 
on a mineral surface, one needs to use an aperture to mask away part of the 
incoming light, or distribute the incoming light among an array of detectors. 
The use of an aperture can significantly reduce the signal strength. 

Our earlier work showed that the brightness (flux per unit area) attainable 
from a conventional thermal globar IR source is not sufficient for the use of 
FTIR spectromicroscopy to study biogeochemical processes on mineral 
surfaces without a surface treatment (Holman et al., 1998). According to 
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Figure 2 An almost fivefold increase in the popularity of FTIR spectromicroscopy (or micro- 
spectroscopy) as indicated by the number of published articles that present FTIR spectromicro- 
scopy measurements. 
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the earlier discussion, it follows that one needs an IR source that acts like a 
true point source, that is, a source that could be focused to a diffraction- 
limited spot size to optimize for maximum brightness. With the f/1 optics 
(i.e., the primary focal ratio is f/1), this yields a diffraction-limited spatial 
resolution of approximately the wavelength of the light without loosing any 
signal strength. This is the benefit of using a synchrotron as an IR source. 


B. Syncurotron IR Licutr Sources 


A synchrotron is a high-energy electron storage ring, optimized for the 
production and collection of the intense light radiated by the electrons upon 
acceleration. In modern synchrotrons, electrons are first accelerated to near 
the speed of light and then injected into the storage ring (Fig. 3A). Electrons 
that travel near the speed of light are called relativistic electrons. The storage 
ring is designed to make the traveling electrons complete a loop via a series 
of bending magnets and straight sections. When the electrons encounter a 
magnetic field, they are deflected and emit electro-magnetic radiation—light. 
Typical bending magnets have a magnetic field strength of ~1 T. This field 
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Figure 3 An overview of synchrotron radiation. (A) Guided by a series of bending magnets 
and straight sections, relativistic electrons inside a storage ring complete a loop. When the relativ- 
istic electrons encounter a magnetic field, they are deflected and they emit electromagnetic radiation 
with energy photons up to hard X-rays. (B) This so-called bending magnet spectrum extends from 
very low energies (far-IR) continuously to a critical energy in the soft or hard X-ray, depending on 
the energy of the synchrotron. The radiation pattern from relativistic electrons is such that its 
effective source size can be considered very close to an ideal point source. 
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strength, coupled with the velocity of the electrons, determines the energies 
of the emitted photons. This means that higher velocities (higher energy 
storage rings) and/or higher magnetic fields produce higher energy photons 
up to hard X-rays. This so-called bending magnet spectrum (Fig. 3B) 
extends from very low energies (far-IR) continuously to a critical energy in 
the soft or hard X-ray, depending on the energy of the synchrotron. Because 
the radiation pattern from relativistic electrons is such that the opening angle 
of the emitted radiation is very small, the effective source size of the IR 
radiation source is dominated by diffraction, and thus can be considered as 
very close to an ideal point source. Interested readers are directed to an 
informative overview of SR by Sham and Rivers (Sham and Rivers, 2002). 

As expected, in the mid-IR region — 400-4000 cm~' — the effective 
source size for a typical synchrotron light source is dominated by diffraction 
(Carr et al., 1995; Holman et al., 2003; Reffner et al., 1995, 1997). This 
means that for SR-FTIR spectromicroscopy the IR beam is focused visibly 
to a spot with a diameter of about 0.7 times the wavelength, which for the 
mid-IR wavelengths of 2.5-25 um yields a spatial resolution of 1.7-17 um 
(Levinson et al., 2006) This is smaller than a typical microbial colony, thus, 
providing a spatial resolution smaller than a microbial colony with hundreds 
to a thousand times the brightness of conventional IR sources (Fig. 4). 
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Figure 4 Comparison of measured noise around 100% reflectance for the thermal and 
synchrotron IR sources with different aperture size expressed in terms of signal-to-noise ratio 
on a log scale as a function of aperture diameters for the synchrotron and thermal IR sources. 
The synchrotron source extends FTIR spectromicroscopy to below 20 um spatial resolution 
with a signal-to-noise advantage over conventional IR sources of at least 100. (Reproduced with 
permission from Spectrosc.-Int. J., 2003, 17, 139-159. IOS Press.) 


SYNCHROTRON IR SPECTROMICROSCOPY 89 


To demonstrate the advantage of using a synchrotron as an IR energy 
source for FTIR spectromicroscopy, we describe here three studies that 
compare the measured signal-to-noise ratio as a function of aperture size 
for a conventional thermal globar IR source and the synchrotron. The first 
two studies were performed using a Thermo Nicolet Nexus 870 FTIR bench 
and a Thermo SpectraTech Contiuum IR microscope at the ALS beamline 
1.4.3. The third study was performed at LURE (Laboratoire pour l’Utili- 
sation du Rayonnement Electromagnétique, Orsay, France). 

During the first experiment, we measured 100% reflection lines utilizing a 
gold-coated glass sample for both sources and for various aperture sizes. 
We used an MCT-B detector, coadded 128 scans for background and 
sample measurements at a spectral resolution of 4 cm~! and a scanning 
mirror velocity of 1.8988 cm s_'. The signal-to-noise value centered at 
2500 cm~' was obtained for both the conventional thermal source and the 
synchrotron source, using different aperture settings. The value was calcu- 
lated by dividing the measured single beam intensity at this wavenumber by 
the corresponding root-mean-square (RMS) noise value. The advantage of 
signal-to-noise improvement is shown in Fig. 4. For the thermal globar 
source, the signal-to-noise level decreases significantly as the aperture diam- 
eter decreases. Signals become essentially unusable at aperture sizes below 
20 x 20 um’. This is because the size of the thermal globar source, when 
focused to a surface, is greater than 70 x 70 um? (Carr, 1999; Holman et al., 
2003; Reffner et al., 1995, 1997). By reducing the aperture size, one simply 
reduces the total IR signal. For the synchrotron source, the signal-to-noise 
ratio is significantly better for almost all aperture sizes, although the ratio 
also begins to decrease when the aperture size is smaller than the diffraction- 
limited spot size. This difference is because of the focused spot size of the 
synchrotron source, which is diffraction limited (1.7-17 um in diameter) 
(Carr, 2001; Levinson et al., 2006). Consequently, its signal-to-noise ratio 
is only affected when the aperture size becomes less than the diffraction- 
limited spot size (starting with the longest wavelengths within the mid-IR 
region). 

The second experiment compares the signal-to-noise ratio on earth 
materials. In Fig. 5, there is a geological example of how the high-brightness 
(i.e., high signal-to-noise ratio) of the synchrotron IR source makes very 
time consuming and difficult measurements possible. A tiny piece of ocean 
basalt was mounted in a diamond anvil cell to achieve extremely high 
pressures and the IR absorbance of the sample was measured at a pressure 
of 32 GPa. When using a conventional FTIR spectromicroscopy system, a 
7-h signal averaging of over 60,000 scans was required to begin to detect 
the spectral features. With a synchrotron source, a significantly improved 
signal-to-noise was achieved after only 2 min of averaging 256 scans (Panero 
et al., 2003). 
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Figure 5 Spectra of a sample synthesized at 32 (+2) GPa and 2850 (+150) K, comparing results 
from a synchrotron-based system [black line, advanced light source (ALS) beamline 1.4.3; Nicolet 
Magna 760 with KBr beamsplitter and an MCT detector] to the spectrum from a lab-based system 
(gray line, Bruker IFS-66v using a CaF2 beamsplitter and an InSb detector). The collection time for 
the synchrotron-based system was about 2 min (256 scans, top) compared to about 7 h (60,000 scans, 
bottom) for the lab-based system. While both show a distinct peak at 3111 cm~! corresponding to OH 
vibrations in stishovite, the synchrotron-based spectrum has a better signal-to-noise ratio, as well as 
better spatial resolution. There is no detectable absorption at 3450 cm~', where OH in Mg- 
perovskite is expected to absorb. A control experiment was performed on a dry, synthetic basalt 
glass starting material (sample 1114b_6); synthesis conditions were 33 (+1) GPa and 2130 (+150) 
K. No absorption features were found in the 3000-3500 cm™! region for this sample (thin 
line, bottom), again collected by synchrotron FTIR (Panero et al., 2003). (Reproduced with 
permission from J. Geophys. Res.-Sol. Ea, 2003, 108, 2039-2047, American Geophysical Union.) 








The third experiment compared the signal-to-noise ratio on biological mate- 
rials. In Fig. 6, there are FTIR spectra from a single living cell using a 6 x 6 um? 
aperture (Figure courtesy of P. Dumas). In this experiment, the investigators 
clearly demonstrate that even with significantly longer averaging times, the 
signal-to-noise of the globar measurement is so poor that the data are not 
usable, whereas the synchrotron-based measurements show all the fine spectral 
structures required for detailed analysis (Dumas and Miller, 2003). 


C. SYNCHROTRON IR SPECTROMICROSCOPY 
OF BIOGEOCHEMICAL SYSTEMS 


The experimental evidence described earlier reveals that for studying 
a surface phenomenon with a spatial resolution ranging from 1.7 to 17 um, 
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Figure 6 FTIR spectra of a single cell using a 6 x 6 um? aperture, comparing results 
from a synchrotron-based system (red, at Laboratoire pour Utilisation du Rayonnement 
Electromagnétique, Orsay, France) to the spectrum from a lab-based system (green). The 
collection time for the synchrotron-based system was about 16 s (32 scans, bottom) compared 
to about 500 s (1000 scans, middle) for the lab-based system. These investigators clearly 
demonstrate that even with significantly longer averaging times, the signal-to-noise of the globar 
measurement is so poor that the data are not usable, whereas the synchrotron-based measure- 
ments show all the fine spectral structures required for detailed analysis. (Figure courtesy of 
P. Dumas.) 


the signal-to-noise ratio provided by a synchrotron IR source is up to 1000 
times better than the signal-to-noise ratio provided by a thermal source. 
Since the SR-based IR beam does not induce any detectable side-effects in 
live cells (Holman et al., 2002a) and has negligible sample heating effect 
(Martin et al., 2001), SR-FTIR spectromicroscopy is clearly an ideal micro- 
probe for a noninvasive study of heterogeneous biogeochemical processes 
in vivo and in situ, for example, individual microbial colonies or larger 
biological systems in which local biochemistry may have significant spatial 
variations. 
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However, because of the complicated nature of biogeochemical systems, 
one must consider the following issues carefully before applying this tech- 
nology to probe the successive biogeochemical processes. First, microorgan- 
isms are exceedingly sensitive to their immediate environments. To reliably 
study molecular changes in a chain of biogeochemical events, SR-FTIR 
spectromicroscopy measurements must be made in well-controlled experi- 
ments that simulate their viability and functionality under in situ conditions. 
This is especially important since microbial cells alter earth and environmen- 
tal materials mostly via their metabolic activities (Ehrlich, 1998, 2000). Such 
experimental conditions of biogeochemical processes are best conducted 
under well-controlled conditions that are similar to the in situ conditions. 
Such similarities can at least be at the appropriate temperature, pH, redox 
potential (Eh), nutrient, chemistry of bulk water, pore water, relative 
humidity, and gas composition. A good example of the importance of 
controlling the experimental conditions is temperature effects on microbial 
transformation of redox sensitive elements such as iron and sulfur. An 
increase in temperature could increase microbial metabolic activity and 
oxygen removal (Hines et al., 1982), leading to a decrease in redox potential 
(Lyons et al., 1979; Sorensen et al., 1979). These changes could cause shifts 
in the relative importance of specific terminal electron acceptors used in 
bacterial respiration (Revsbech et al., 1980; Sorensen et al., 1979). The 
decrease in redox potential can also affect the chemical and physicochemical 
state of redox-sensitive elements. In addition to changing chemistry both in 
bacteria and the elements, these variations may also affect the chemistry of 
the overlying thin film of water through changes in diffusional fluxes and 
other processes. To reliably study molecular changes in this chain of biogeo- 
chemical events, SR-FTIR spectromicroscopy measurements must be made 
in experiments that simulate in situ conditions using well-controlled flow 
through cells with IR-transparent windows. There are several research 
groups developing various types of automated microfluidic incubation plat- 
forms to provide a controlled mechanism to rapidly manipulate these exper- 
imental conditions. Some of these platforms also control the thickness of the 
water film to allow for the IR observation of the biogeochemical processes in 
aqueous environments. Others have sensors to provide additional measure- 
ments of relevant physiological and geochemical parameters. 

Second, a prior knowledge regarding the type of the pollutants and the 
pathways of their possible biogeochemical transformation is important for 
the successful application of SR-FTIR spectromicroscopy. For heavy metal 
and metalloid pollutants, they constitute the most difficult environmental 
problem because they cannot be destroyed once introduced into the envi- 
ronment. A key goal of using SR-based IR spectromicroscopy is to charac- 
terize how intrinsic microorganisms affect the speciation of these heavy 
metals and metalloids, which dictates the overall mobility, bioavailability, 
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toxicity, and other health risks in the biosphere. An appropriate SR-FTIR 
spectromicroscopy experiment is one that allows investigators to obtain such 
fundamental knowledge as the stability and mobility of the parent metal 
compounds, their interactions with the microorganisms, and the altered 
stability and mobility of the intermediate products under in situ and in vivo 
conditions. Our approach to this issue has been both fundamental and 
applied in nature. We often complement the SR-FTIR spectromicroscopy 
experiments with successive in vitro and in vivo studies of model systems of 
varying complexities to approximate membrane permeability, biotransfor- 
mation, toxicity, and couple them with spectroscopic studies. In doing so, 
we have been able to identify, at least at a functional group level, the targets 
to be measured and ensure that these targets are likely to be in the biogeo- 
chemical system to be investigated. 

A good example is the microbial transformation and detoxification of 
chromium in earth materials. Chromium is a redox-sensitive metal pollutant 
that enters the environment primarily from industries such as leather 
tanning, wood preservation, metal plating, and alloying. The two important 
oxidation states of chromium commonly found in environments are trivalent 
[Cr(ID] and hexavalent [Cr(VD] states, which have widely contrasting 
mobility and bioavailability. Most Cr(VI) compounds are highly soluble in 
water and are readily bioavailable to ecological receptors, while most Cr(III) 
compounds are less water soluble and less bioavailable. Cr(VI) compounds 
are among the earliest chemicals to be classified as mutagens and human 
carcinogens (IARC, 1990; Levina et al., 2003; Stern, 1982). Its genotoxic and 
carcinogenic effects are associated with its ability to enter cells rapidly 
through nonspecific transport. Intracellular biomolecules, such as polysac- 
charides, L-ascorbic acid, glutathione, and other reductases, readily reduce 
Cr(VI) species to form an array of genotoxic Cr(III) complexes and other 
radicals that can cause single-strand breaks and plasmid DNA nicking, in 
addition to a wide variety of DNA lesions and additional oxidative damage 
(Codd and Lay, 2001; Dillon et al., 1997; Levina et al., 1999; Snow, 1991; 
Sreedhara et al., 1997; Tsou et al., 1997; Voitkun et al., 1998). Biogeochemi- 
cal factors that can lead to the reduction of Cr(VI) to insoluble and/or 
nongenotoxic Cr(II) compounds in environments are very significant for 
reducing chromium toxicity. Many indigenous bacteria in chromium- 
polluted environments possess a multiplicity of survival mechanisms that 
can potentially transform soluble chromium to less soluble forms. Our 
experiments show that some Cr-resistant microorganisms immobilize and 
reduce Cr(VI) to stable Cr(III)-complexes extracellularly via interactions 
with diverse groups of biomolecules (Codd and Lay, 1999, 2001; Codd 
et al., 1997; Gez et al., 2005; Levina et al., 2004) and the formation of 
genotoxic intermediates Cr(V)- and Cr(IV)-complexes (Kalabegishvili 
et al., 2003; Tsibakhashvili et al., 2002a). This information, in conjunction 
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with our earlier SR-FTIR result (Holman et al., 1999), was applied to the 
design and execution of an additional in-depth SR-FTIR spectromicroscopy 
study of Cr(VI) transformation on mineral surfaces (Holman, 2004). The 
speciation of Cr(II) is one of the focal points in the study. There are concerns 
that Cr(II) [as Cr(OH)3] can be reoxidized to form Cr(VI) compounds 
(Chinthamreddy and Reddy, 1999). However, our preliminary SR-FTIR 
spectromicroscopy results indicate that only a small fraction of the Cr(II) 
compounds is found as Cr(OH), 

Unlike heavy metals and metalloid pollutants, organic pollutants can be 
destroyed. Once they have entered into the biosphere, they can be degraded, 
metabolized, and/or mineralized by many intrinsic bacteria via one of the 
many possible pathways of different complexities and kinetics (da Silva 
et al., 2003; Furukawa, 2000, 2003; Furukawa et al., 1993, 2004; Hale 
et al., 1990a,b; Kim et al., 2004; Kumamaru et al., 1998; Misawa et al., 
2002; Pothuluri et al., 1995, 1998a,b, 1999; Rogers and Hale, 1987; Suenaga 
et al., 2001, 2002). A large volume of pathway information is available at the 
University of Minnesota biocatalysis/biodegradation database (http:// 
umbbd.ahc.umn.edu/). However, many of the pathways and toxicity of the 
intermediates are unknown. The effect of environmental factors on the 
microbial ability to degrade organic pollutants remains uncertain. Our 
approach using SR-based IR spectromicroscopy to study biodegradation 
of organic pollutants by intrinsic microorganisms is less fundamental but 
more applied in nature. Questions to be addressed include whether the 
microorganisms are capable of decomposing the organic pollutants, and 
what the geochemical factors that affect the bioavailability of the organic 
pollutants to the microorganisms are. For microorganisms that degrade 
organic pollutants via a known pathway, we would also address if the 
intermediates are persistent and/or harmful to ecological receptors (Holman 
et al., 2002b). 

Finally, it is important to realize that information derived from SR-FTIR 
spectromicroscopy is only the tip of an iceberg of information. Because of 
the complexity of a biogeochemical system, this information alone is not 
sufficient for a thorough understanding of how intrinsic microorganisms 
transform pollutants and what factors could alter the microbial ability to 
transform the pollutants. It is also not sufficient for making reliable predic- 
tions of the potential risks of these pollutants and intermediates to ecological 
receptors and humans. The use of multiple complementary biochemical, 
analytical, and imaging techniques is necessary. A good example of the use 
of complementary techniques is the collaborative study by researchers from 
the Lawrence Berkeley National Laboratory (USA) and from the Georgian 
Academy of Science (Republic of Georgia) of chromium reduction by 
basalt-inhabiting aerobes (Abuladze et al., 2002; Asatiani et al., 2004; 
Holman et al., 2004; Kalabegishvili et al., 2003; Tsibakhashvili et al., 
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2002a,b, 2004). In addition to the use of SR-FTIR spectromicroscopy to 
track the sequential reduction of chromium, they also used sodium dode- 
cylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) to identify 
chromium-induced changes in cell wall protein composition (Abuladze 
et al., 2002), capillary electrophoresis to determine the effect of cell wall 
proteins on the mobility of chromium through cell wall (Tsibakhashvili 
et al., 2002a), electron spin resonance (ESR) to determine/confirm chromium 
speciation in bulk cells (Kalabegishvili et al., 2003), and micro-X-ray fluo- 
rescence analysis (u-XRF) and micro-x-ray absorption fine structure (u— 
XAFS) imaging of Cr, Fe, and Mn distribution. Scanning electron micros- 
copy and transmission electron microscopy were also employed (Holman 
et al., 2004). Such synergistic use of an array of different analytical and 
imaging techniques has allowed these researchers to discover the unexpected 
accumulation and immobilization of stable and toxic chromium intermedi- 
ates by microorganisms, which will have significant implications in the 
applications of intrinsic microorganisms to remediate Cr(VI)-polluted 
earth and environmental materials. 


HI. BIOGEOCHEMICAL PROCESSES MEASURED 
BY SR-FTIR SPECTROMICROSCOPY 


The measurement and imaging of biogeochemical processes by means of 
SR-FTIR spectromicroscopy involves the use of visible light and reflecting 
optics to view a magnified image of the sample and to select a microscopic 
surface area on the sample for IR reflection—absorption spectroscopic anal- 
ysis. In this section, three biogeochemical studies conducted at the ALS are 
highlighted, following the description of instrumentation and spectral anal- 
ysis. Interested readers are directed to read applications in other related 
biological, biogeochemical, and environmental areas (Benning et al., 2002, 
2003, 2004a,b; Bonetta et al., 2002; Bradley et al., 2005; Dokken et al., 
2005a,b; Facciotti et al., 2001; Foriel et al., 2004; Ghosh et al., 2001; Vogel 
et al., 2002, 2004; Yee and Benning, 2002; Yee et al., 2003, 2004a,b; Yu, 
2005a,b; Yu et al., 2003, 2004). 


A. INSTRUMENTATION 


The instrumentation at beamline 1.4.3 at the ALS is similar to FTIR 
spectromicroscopy systems that are commercially available, except that the 
thermal source is replaced by an IR beam from the synchrotron (Fig. 7). 
Additionally, the beam is also passed through a beam position-locking 
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Figure 7 The beam position-locking system instrumentation at beamline 1.4.3 at the ALS. It 
is specifically made for probing biogeochemical processes in situ and in vivo. The beam from 
the synchrotron (A) is passed through the beam position-locking system (B) and then enters the 
commercially available FTIR spectromicroscopy system (C). During the experiment, samples 
are kept inside a stage mini-incubator (D). The addition of the beam-locking system is ex- 
ceedingly helpful when studying biogeochemical materials that often have fine and highly 
heterogeneous surface features. 


system (McKinney et al., 2000; Scarvie et al., 2004) to minimize the effect of 
the beam motion. Without this system, the beam tends to move on the 
sample during data acquisition for a variety of reasons. Such movements 
can be as large as several microns and cause artifacts and/or noise in the 
data. The addition of the beam-locking system is exceedingly helpful, when 
studying biogeochemical materials that often have fine and highly heteroge- 
neous surface features. 

The samples are maintained inside a mini-incubator, which is mounted on 
the microscope stage. The sample is positioned using a computer-controlled 
x-y-z stage with 0.l-um precision allowing mapping measurements of FTIR 
spectra (through the incubator’s ZnSe window) as a function of x- and 
y-position on the sample. The selection of the area is relatively subjective 
and relies on the geometry, color, crystallographic properties, and other 
material-specific features of the sample surface. Once the sample area is 
selected, the spectroscopic information of the selected surface area can be 
recorded in situ in a reflection mode. 
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B. SPECTRAL ANALYSIS 


Because of the complexity of a biogeochemical system, one of our key 
efforts has been to carefully determine IR spectral features that are truly the 
molecular markers of the biogeochemical phenomena to be investigated. IR 
spectra of biomolecules in microbes (Choo-Smith et al., 2001; Helm and 
Naumann, 1995; Helm et al., 1991a,b; Kirschner et al., 2001; Labischinski 
et al., 1989; Maquelin et al., 2002, 2003; Naumann et al., 1982, 1988, 1996; 
Ngo-Thi et al., 2003; Schultz and Naumann, 1991; Schultz et al., 1987; 
Vandermei et al., 1993, 1996) of many relevant minerals (Arnold and 
Wagner, 1988; Beran et al., 1993; Collins, 1991; Delineau et al., 1994; Eyring 
and Wadsworth, 1956; Farmer, 1974; Ha et al., 1991; Keller et al., 1952; 
Kretzschmar et al., 1993; Luys et al., 1982; Mielczarski et al., 1993; Nguyen 
et al., 1991; Plesko et al., 1992; Povarennykh, 1978; Rossman and Aines, 
1991; Salisbury et al., 1991; Vilas et al., 1994; White, 1971) and common 
environmental pollutants (Abdullah et al., 2003; Bauschlicher, 1998a,b; 
Bauschlicher and Bakes, 2000; Bauschlicher and Langhoff, 1998; Bernstein 
et al., 2005; Carrasco-Flores et al., 2004, 2005; Chauhan et al., 2004; Griffith 
et al., 1959; Hawkins et al., 1955; Hudgins and Sandford, 1998a,b,c; 
Hudgins et al., 2000; Humphrey, 1961; Janni et al., 1997; Jensen, 2004a,b; 
Jensen and Jensen, 2004; Li et al., 2004; Ludwig et al., 2000; Mattioda et al., 
2002; Pauzat and Ellinger, 2001, 2002; Ruiterkamp et al., 2002; Seelenbinder 
and Brown, 2002; Todd et al., 2002; Zhang et al., 2005) are already well- 
known with specific peaks and groups of peaks that can be related to specific 
biochemical and chemical groups of single molecules in an ideal system. The 
traditional approach of spectral analysis, which is intended to identify 
particular compounds, involves a band-shape analysis followed by direct 
assignment of characteristic absorption bands in the IR spectrum. However, 
in a complicated and often transient biogeochemical system under in situ and 
in vivo conditions, these specific peaks and bands of peaks may shift, and the 
overall pattern may even change and deviate from the well-established 
features. To date, our general approach has focused on a small number of 
important spectral features that could be derived from a series of simplified 
model systems prior to the SR-FTIR spectromicroscopy experiment. For 
time-course experiments, we would also combine the traditional direct 
assignments and the difference spectroscopy approach to guide the interpre- 
tation of the absorption bands as a function of exposure time. We evaluated 
the intensity of each absorption band by means of the method of the most 
probable baseline (Lijour et al., 1994). It is important to note that as the 
beam current of the synchrotron decreases with time between electron refills, 
the beam intensity decreases proportionally, which needs to be taken into 
account if one wants to accurately measure absorption band intensity. 
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We have found that rescaling the intensity of the absorption bands by means 
of an internal-standard equivalent approach works reliably. 


C. APPLICATION EXAMPLES 


With the completion of sequencing of genomes of many organisms and 
the continuous success in identifying gene products (proteins) and metabolic 
pathways, one of the central interests in biogeochemical and environmental 
research is to apply this wealth of information to understand and to design 
appropriate strategies to utilize metabolic capabilities in living microorgan- 
isms to remediate pollutants in earth and environmental materials. The 
success of these directions will ultimately be determined by how well one 
can measure without disturbing the relevant dynamic processes in a biogeo- 
chemical system, for example, the redox transformations of heavy metals by 
metal-reducing bacteria, or degradation of carcinogenic organic pollutants. 
These examples will illustrate how SR-FTIR spectromicroscopy can be a 
useful tool that allows one to get a step closer to achieve this important goal. 


1. Reduction of Hexavalent Chromium 
by Basalt-Inhabiting Aerobes 


Compounds containing chromium atoms can be potentially hazardous 
contaminants in the environment. The degree of the hazard depends on 
the chemical state of the chromium in the compounds in which it occurs. 
Chromium at its hexavalent state [Cr(VI)] is usually highly soluble in 
water and therefore mobile in the environment, so the contamination 
spreads, and it is toxic and suspected to be carcinogenic. However, 
chromium at its trivalent state [Cr(II]] is relatively insoluble in water 
and significantly less harmful. Geochemical and biogeochemical pro- 
cesses that convert chromium from the hexavalent to the trivalent state 
are potentially useful for environmental remediation. We demonstrated 
the use of SR-FTIR spectromicroscopy to illustrate that certain bacteria 
found naturally in basalt are effective agents in the “biogeochemical” 
transformation of chromium from the undesirable hexavalent state to 
the less harmful trivalent state, thereby resolving an on-going contro- 
versy about the nature of the conversion. (Holman et al., 1999). 


This is the first time that biogeochemical transformation of Cr(VI) by 
microorganisms on a mineral surface has been nondestructively monitored 
and studied where it occurs. Distinct and relevant IR absorption bands 


SYNCHROTRON IR SPECTROMICROSCOPY 99 


(Table I) were used as chemical markers to detect the presence of micro- 
organisms and identify different chromium species on specimen surfaces. In 
addition, the brightness of the IR radiation from the synchrotron IR beam- 
line makes spatially resolved spectroscopy (spectromicroscopy) possible for 
imaging biogeochemical systems. 

Two reduction mechanisms in polluted geological materials have previ- 
ously been postulated for the reduction of Cr(VI) compounds. The biological 
mechanism requires the presence of microorganisms to aerobically reduce 
the Cr(VI). The chemical mechanism relies on metal oxides, such as Fe(II) 
compounds, to catalyze the Cr(VI)-reduction reaction. We conducted syn- 
chrotron FTIR spectromicroscopy experiments to distinguish the relative 
significance of these two mechanisms. In addition, we evaluated the effects of 
common organic cocontaminants, such as toluene vapor, on the biotic 
reduction process (Fig. 10). 

For magnetite surfaces of mixed iron oxides that contain no living micro- 
organisms, a 5-day exposure to Cr(VI) compounds resulted in statistically 
insignificant changes in the IR chemical markers, indicating that little catal- 
ysis of Cr(VI) reduction was occurring. On samples with living microorgan- 
isms, however, some Cr(VI) reduction was detected (Fig. 8). Moreover, 
when the samples with living microorganisms were incubated in dilute 
toluene vapor, statistically significant changes in both IR-absorption inten- 
sity and characteristic band shapes were observed for Cr(VI), as were new 
bands signaling the existence of intermediate Cr(V). FTIR spectromicro- 
scopy showed that the changes in the IR absorption bands occurred at the 
sites of bacterial concentration. Measured images of the surface at charac- 
teristic absorption bands showed a strong correlation between peak deple- 
tion of Cr(VI) and depletion of toluene and peak concentration of biological 
molecules (Fig. 9). 


Table I 
Spectral Regions and Distinct Absorption Bands Within Each Region for 
Microorganisms (Including Bacteria), Cr(VI)-, Cr(V)-, and Cr(III)-Compounds, Toluene, 
and Catechols in Mineral/Microorganisms/Cr/Toluene System (Holman et al., 1999) (Reproduced 
with permission from Geomicrobiol. J., 1999, 16, 307-324. Copyright 1999 Taylor & Francis.) 


Compounds Spectral regions (cm~ ') Absorption bands (cm7!) 





Microorganisms (protein) 1800-1500 ~1650; ~1550 
Cr(VI) compounds 900-800 ~846; ~890 
Cr(V) compounds 900-700 ~830; ~764 
Cr(III) compounds 850-750 ~810; ~798 
Toluene 800-650 ~728; ~695 


Catechols 800-700 ~770; ~742 
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Figure 8 SR-FTIR spectra of chromate on magnetite surfaces during the 5-day experiment 
of (left) abiotic reduction, (middle) biotic reduction in the absence of other organic compounds, 
and (right) biotic reduction in the presence of toluene vapor (as a model volatile organic 
compound). (—) ¢ < 1 day, shifted vertically for visual clarity. (—) t = 5 days. Although the 
total chromate concentration for each of the three experiments was the same, microbial-mineral 
surface roughness and redistribution during evaporation results in heterogeneous spatial dis- 
tributions of Cr(VI) concentrations. The most relevant vibrational frequencies identified 
are marked: 890 and 846 cm™! correspond to Cr(VI), 830 and 765 cm™! correspond to Cr(V), 
770 and 742 cm™! are catechols, and 728 cm™! is toluene. We observe that microbial reduction 
of Cr(VJ) is the dominant mechanism in our experimental system. The microbial chromium 
reduction is further enhanced during the microbial degradation of the organic compound 
toluene (Holman et al., 1999). (Reproduced with permission from Geomicrobiol. J., 1999, 16, 
307-324. Copyright 1999 Taylor & Francis.) (See Color Insert.) 


In a study to determine if this microbial reduction process could occur in 
real geological samples, composite mineral surfaces of basalt rock chips 
containing resident communities of microbes were exposed to solutions of 
Cr(VI) and toluene vapor. At the end of 4 months, FTIR spectromicroscopy 
showed that Cr(VI)-tolerant and Cr(VI)-reducing natural microorganisms 
were thriving in association with Cr(II) (Fig. 10). The reduced Cr(III) state 
was confirmed by XAFS spectroscopy at ALS beamline 10.3.2 (Fig. 11). The 
nondestructive IR spectromicroscopy studies, combined with XAFS spec- 
troscopy and microbiological techniques, show that highly mobile and 
toxic Cr(VI) contaminants can be biologically reduced into less soluble, 
less toxic Cr(III) compounds. The FTIR method can now be expanded to 
examine other IR-amenable microbial/chemical contaminant systems. 


2. Mycobacterial Metabolization of Pyrene in Humic Acid 


Contaminants in the environment come in many forms, one of which 
is the relatively recalcitrant toxic organic (carbon-based) family of 
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Figure 9 During the 5-day study period, Arthrobacter oxydans bacteria (isolated from the 
basalt core sample) attached themselves to magnetite surfaces. They reduced Cr(VI) while 
degrading toluene. SR-FTIR spectromicroscopy measurements at the end of the experiment 
show the spatial distribution of (top) A. oxydans, (middle) chromate, and (bottom) toluene, as 
measured by their spectral signatures (Holman et al., 1999). (Reproduced with permission from 
Geomicrobiol. J., 1999, 16, 307-324. Copyright 1999 Taylor & Francis.) 


chemicals known as polycyclic aromatic hydrocarbons (PAHs). These 
include more than 100 different chemicals resulting from incomplete 
burning of coal, oil and gas, garbage, or other organic substances like 
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Figure 10 Distribution of indigenous endolithic microorganisms (top) and the Cr(II) 
compounds (bottom) as measured by SR-FTIR spectromicroscopy at the end of the 4-month 
Cr(VI)-microbe-basalt experiment. Only chromium-tolerant and chromium-reducing micro- 
organisms proliferated during the study period (Holman et al., 1999). (Reproduced with 
permission from Geomicrobiol. J., 1999, 16, 307-324. Copyright 1999 Taylor & Francis.) 


tobacco or grilled meat. Converting PAHs into nontoxic chemicals 
removes the hazard, but learning how to do this in an efficient and 
cost-effective way remains to be accomplished. Here we made use of 
synchrotron infrared spectromicroscopy to show that the speed of 
biodegradation can be dramatically increased (by almost a 100-fold) 
by adding a certain soil-derived organic (humic) acid along with the 
bacteria to a PAH spot on a mineral surface. (Holman et al., 2002b). 
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Figure 11 Confirmation of Cr (III) oxidation state by micro-X-ray analysis on the similar 
area of the identical sample studied by SR-FTIR (see Fig. 5). (A) Chromium elemental mapping 
by micro-X-ray fluorescence analysis (jt-XRF). The colors go from black (chromium concentra- 
tion below detection limit) to red (high chromium concentration). (B) Average of nine micro- 
X-ray absorption fine structure (u-XAFS) scans taken at the highest concentration spot shows 
no Cr(VI) preedge peak and is consistent with Cr(III) compounds. Each data point represents 
20 s counting time. The energy increments are 0.5 eV (Holman et al., 1999). (Reproduced 
with permission from Geomicrobiol. J., 1999, 16, 307-324. Copyright 1999 Taylor & Francis.) 


The role of humic acid (HA) in the biodegradation of toxic PAHs has been 
the subject of controversy, particularly in unsaturated environments. By 
utilizing an IR Fourier transform spectromicroscope and a very bright, 
nondestructive synchrotron photon source (SR-FTIR spectromicroscopy), 
we monitored in situ and over time the influence of HA on the degradation of 
pyrene (a model PAH) by a bacterial colony on a magnetite surface. Our 
results indicate that HA dramatically shortens the onset time for PAH bio- 
degradation from 168 to 2 h. These results will have significant implications 
for the bioremediation of contaminated soils. 

The pyrene-degrading bacterium used for this study is Mycobacterium 
sp. JLS (Fig. 12), a gram-positive, rod-shaped bacterium isolated from 
PAH-contaminated soil at the Libby groundwater superfund site in Libby, 
Montana, USA. Abiotic (no bacteria present) results (inserts in Fig. 13A 
and B) show that almost all of the pyrene remains on the mineral surface for 
the duration of the study, owing to slow removal mechanisms. After intro- 
duction of M. sp. JLS in the absence of HA, it took the bacteria about 168 h to 
produce sufficient glycolipids to solubilize pyrene. At this point, bio- 
degradation could proceed, resulting in a rapid decrease of pyrene and a 
rapid increase of biomass within the next 35 h. After the pyrene was depleted, 
the biomass signal significantly decreased, presumably as the M. sp. JLS 
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Figure 12 A transmission electron microscopy (TEM) image of the newly isolated gram- 
positive cocci Mycobacterium sp. JLS (GenBank accession no. AF387804). It appears that 
M. sp. JLS degrades polycyclic aromatic hydrocarbons, such as pyrene via a novel pathway. 
However, it gained biomass rapidly while degrading the compounds (Holman et al., 2002b). 
Time-resolved analysis of spectra from SR-FTIR spectromicroscopy did not reveal fingerprints 
of known metabolites. This is further confirmed by follow-up mass spectrometry analysis of the 
sample. (Figure courtesy of W. R. Sims.) 


bacteria transformed themselves into ultramicrocells, a starvation-survival 
strategy commonly observed among bacteria in oligotrophic environments. 

In the presence of HA, pyrene biodegradation began within an hour, and 
the pyrene was depleted by the end of the fourth hour, with a concurrent 
increase of biomass (Fig. 13B). Both the degradation of pyrene and the 
increase of biomass corroborate the effectiveness of Elliott soil humic acid 
(ESHA) in radically accelerating biodegradation of pyrene. It is likely that 
the water-insoluble pyrene is solubilized into the cores of ESHA pseudomi- 
celles and, therefore, becomes directly available for bacterial uptake and 
consumption. 

Over longer times, the remaining IR absorption bands of pyrene on 
magnetite surfaces first showed a slight increase and subsequently a decrease. 
The increase is probably due to diffusion of pyrene trapped in micropores 
(<0.5 um in diameter) of the magnetite and/or neighboring surfaces of 
higher pyrene concentration after the first wave of rapid depletion of pyrene 
by M. sp. JLS set up a diffusion gradient from the pyrene-containing 
micropores toward the bacterial colony. For the surface containing HA, 
the biomass remained almost constant over a period of more than 200 h, 
indicating that the flux of pyrene from the micropores was sufficient to 


SYNCHROTRON IR SPECTROMICROSCOPY 105 





0.2 


Absorbance 


0.1 





K 0.0 
3200 3100 3000 2900 2800 3200 3100 3000 2900 2800 


Wavenumbers (cm~') Wavenumbers (cm-') 


Figure 13 Time series of SR-FTIR absorption bands corresponding to pyrene and biomass 
formation following the degradation of pyrene by M. sp. JLS on magnetite surfaces. Panels A 
and B are from a sample free of and with ESHA. The time at which each spectrum as acquired is 
labeled. They show the transient behavior of pyrene doublet at 3044 and 3027 cm! and biomass 
IR absorption bands at 2921 and 2850 cm™!. Similar behavior was observed for pyrene 
absorption band centered at 1185 cm". Inserts are time series from abiotic control experiments 
(Holman et al., 2002b). (Reproduced with permission from Environ. Sci. Technol., 2002, 36, 
1276-1280. Copyright 2002 Am. Chem. Soci.) 


maintain the bacterial colony. For the surface free of HA, there is little 
evidence of the presence of a quasisteady state biomass (Fig. 14). 

At the end of the time-resolved experiment (about 460 h), spatial distribu- 
tions of pyrene, M. sp. JLS, and ESHA were measured by acquiring IR 
spectra at 5-um intervals across the center of the bacterial colony with HA. 
Figure 15 shows contour maps of the spatial distribution of measured IR 
absorbance corresponding to M. sp. JLS, HA, and pyrene. The central 
region of the maps has a high-population density of M. sp. JLS and a high 
concentration of HA, but the pyrene in this region was completely biode- 
graded. Where pyrene is present without M. sp. JLS, there is no significant 
degradation. 

We conclude that SR-FTIR spectromicroscopy can assess real-time in- 
teractions between multiple constituents in contaminated soils. Combined 
with conventional mineralization measurements, which monitor respira- 
tion through carbon dioxide production, SR-FTIR spectromicroscopy is 
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Figure 14 Summary of the SR-FTIR results showing that pyrene degradation occurs 
much faster when ESHA is present (note the log scale on the time axis). The pyrene absor- 
bance was measured at 1185 cm7! and biomass IR absorption band at 2921 cm™!. The color 
scheme is black for abiotic, green for biotic without ESHA, and red for biotic with ESHA. The 
solid lines show the pyrene amount as a function of time for each experiment. The dotted 
lines show a subsequent increase in M. sp. JLS biomass after pyrene degradation (Holman et al., 
2002b). (Reproduced with permission from Environ. Sci. Technol., 2002, 36, 1276-1280. 
Copyright 2002 Am. Chem. Soci.) 


thus a powerful tool for evaluating bioremediation options and designing 
bioremediation strategies for contaminated vadose zone environments. 


3. Rapid Screening for Remediation Capability 
of a Microbial Community 


Can infrared light from a synchrotron be used to screen for metabolic 
activities in a living microbial community that can degrade organic 
pollutants? If so, it would open up possibilities for the eventual use of 
synchrotron infrared light in environmental diagnostics or environ- 
mental health research. The experiment summarized here is an infrared 
imaging of transformation of toluene by a microbial community on 
vesicular basalt surfaces. Our preliminary results suggest that some day 
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Figure 15 Contour diagrams from IR mapping obtained at the end of the experiment, 
showing the spatial distribution of the IR absorption peaks corresponding to (top) M. sp. JLS 
bacteria, (middle) ESHA, and (bottom) pyrene. Appropriate spectral regions were integrated for 
each point on the maps. The color scales for each contour plot are red for high integrated IR 
peak area (high concentration of the corresponding component) and blue for low peak area (low 
concentration); black is an out-of-focus region of the sample. The center of the map shows a 
region with high density of bacteria and high concentration of ESHA, where pyrene has been 
completely degraded (Holman et al., 2002b). Note that the quality of the spectra is excellent even 
on such complicated surfaces of earth materials (Arrows are pointing at some of marker peaks 
employed in this study.) (Holman et al., 2002b). (Reproduced with permission from Environ. 
Sci. Technol., 2002, 36, 1276-1280. Copyright 2002 Am. Chem. Soc.) 


it may be routine to study a tiny microbial colony, by using synchro- 
tron infrared spectroscopy, and to screen for microbes and conditions 
that are most effective in detoxifying environmental pollutants. 
(Holman and Geller, 2005). 


The possibility of utilizing the capability of intrinsic microorganisms to 
decompose and even mineralize organic pollutants has stimulated intensive 
interests in exploring if these biotransformation reactions actually take 
place on surfaces of geologic materials. Conceptual and technological 
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improvements in environmental microbiology have advanced our ability to 
partly address these issues. For example, the use of the DNA probes for 
specific enzymatic activities enables researchers to determine if certain genes 
are present in the bulk microorganisms that can initiate and sustain the 
desirable transformation of pollutants (Koenigsberg et al., 2005). Detection 
of unique intermediate metabolites in site-derived samples provides evidence 
for the occurrence of in situ contaminant biotransformation. Together with 
microcosm experiments they globally address the questions of whether or 
not the bacteria interact with contaminants. However, these efforts are labor 
intensive and time-consuming. We are conducting a feasibility study to 
evaluate if SR-FTIR spectromicroscopy can be an ideal screening tool to 
rapidly identify microbial remedial capability on mineral surfaces. 

The geological sample used was a fragment of a vesicular basalt rock from 
a site formerly polluted with volatile organic compounds (VOCs). The 
sample was exposed to 100 ppm of toluene vapor at 100% relative humidity 
for 5 days. Distinct and relevant IR absorption bands of toluene and its 
metabolites from a common degradation pathway (Fig. 16) are used to mark 
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Figure 16 The possible pathway for the metabolic degradation of toluene by the intrinsic 
microbial communities in the earth materials. Due to matrix interference, we only tracked the 
marker peaks for toluene, benzyl alcohol, benzoic acid, and catechol in this study (see Table II). 
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the progression and capability of toluene degradation (Table II). At the end 
of the fifth day, chemical images from SR-FTIR spectromicroscopy showed 
that the native microorganisms were thriving in association with various 
capabilities of toluene degradation (Fig. 17). This demonstrates that the 
excellent spatial resolution of SR-FTIR spectromicroscopy provides a 
means for determining the degree to which the toxic toluene was metabolized 
by the microorganisms. 
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Figure 17 Chemical images from SR-FTIR spectromicroscopy showed that the native 
microorganisms were thriving during toluene degradation. Spectral images were rotated clock- 
wise and tilted (relative to the bright-field micrograph) for clarity. A bright-field micrograph of 
microbial colonies formed on the basalt surfaces after exposure to 100-ppm toluene vapor for 
5 days (left top). The spatial distribution of IR absorption peaks corresponding to (left bottom) 
indigenous microorganisms, (right top) toluene, and the metabolites (right middle and bottom). 
It appears that many native microbes metabolized nearly all the toluene immediately with some 
accumulation of the nontoxic metabolites benzyl alcohol and catechol. No accumulation of 
benzoic acid was detected. This implies that intrinsic microbial communities at the former 
polluted site remained efficient in detoxifying toluene (unpublished data). 
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Table II 
Spectral Regions and Distinct Absorption Bands Within Each Region for Microorganisms 
(Including Bacteria), Toluene, Benzoic Acid, and Catechols in Basalt/Microorganism/Toluene 
System (Holman and Geller, 2005) 


Compounds Spectral regions (em~') Absorption bands (cm~') 





Microorganisms (protein) 1800-1500 ~1658; ~1548 
Toluene 1250-650 ~1029; ~728; ~695 
Benzyl alcohol 1250-650 ~1200; ~1022 
Benzoic acid 1250-650 ~930 


Catechols 1250-700 ~1096; ~770; ~742 


IV. FUTURE POSSIBILITIES AND REQUIREMENTS 


Although SR-FTIR  spectromicroscopy is an emerging analytical 
and imaging technology for studying biogeochemical processes in vivo and 
in situ, considerable experience has already been obtained in its use in 
evaluating microbial interactions with environmental pollutants. It seems 
as if only a small part of this noninvasive technology has been explored to 
date. For example, the quantitative capability of IR spectroscopy for accu- 
rately quantifying the transformation of metal ions or organic substrates, 
for defining the interrelationship between such transformation and meta- 
bolic activities, and even for measuring the chemical or activity gradient 
and thus the chemical fluxes across a microbial colony have not been fully 
utilized. Such utilities can be enhanced by a number of emerging or hoped- 
for advances in other relevant technologies. Improved software for the 
automated and accurate analysis of the spectra will make accurate quantita- 
tion easier. 

Improved experimental systems are also essential. To date, the major 
experimental obstacles lie not in the synchrotron IR instruments themselves. 
Instead, they lie in two difficulties: (1) in rapidly controlling the optimum 
conditions for experiments before products of microbial functions are 
measured, and (2) in optimizing immediate data processing and interpreta- 
tion. The existing techniques are relatively time consuming and labor inten- 
sive. Their fragility frequently results in major losses of sample and 
experimental time, and they require many steps that can take days to achieve 
the optimum experimental conditions. 

Additionally, the future utility of the technique will also be enhanced by 
combining SR-FTIR spectromicroscopy with other techniques of higher 
specificity. For example, the most popular approach that is beneficial to 
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this combination appears to be the visible/IR imaging along with fluores- 
cence microscopy. While visible imaging provides information on the physi- 
cal features of the biogeochemical system and IR imaging yields global 
chemical information of the system, fluorescence microscopy allows one to 
observe localized environments (e.g., redox conditions, molecular cluster 
dimensions) (Kilkenny et al., 2002; Rocheleau et al., 2002; Zhang et al., 
2002) and key-dynamical processes that govern the function and structure of 
cells (Kahng and Shapiro, 2003; Thanbichler et al., 2005; Viollier and 
Shapiro, 2004; Viollier et al., 2002; Weijer, 2003). The fluorescent probes 
can be endogenous molecules such as NAD(P)H (Latouche et al., 2000; 
Piston and Knobel, 1999; Simon et al., 1996), genetically encoded specific 
fluorescent proteins (Orser et al., 1995; Vandyk et al., 1995), or passive 
markers of specific fluorescent molecules/dyes (Haugland, 2002). By estab- 
lishing an associative analysis that links the genetically encoded molecules 
and marked cellular events from fluorescence microscopy to the global 
chemical information derived from SR-FTIR spectromicrosocpy, one can 
truly expand the existing understanding of biogeochemical capabilities in 
living microbes and developing biotechnologies for utilizing such capabilities 
for the benefit of environmental management. 
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Poor germination and emergence of tropical crops under stressful condi- 
tions, such as adverse soil temperature, variable soil moisture, and hardening 
soils, are major obstacles to obtaining adequate stands of vigorous seedlings 
and hence reasonable yields in marginal areas of the less-developed world. 
Representative examples of failures of common tropical crops to establish 
are reviewed and management techniques appropriate to resource-poor 
farmers are discussed, including use of good quality seed, dry planting, 
timely sowing, control of sowing depth, transplanting of seedlings, and 
seed priming. It is concluded that successful establishment is associated 
with rapid emergence. Studies of “on-farm” seed priming, whereby farmers 
can prime their own seeds in water, are reviewed in detail with special 
reference to work done in developing countries. A large body of in vitro, 
on-station, and participatory on-farm research shows that priming seeds of 
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many important tropical crops in water, typically overnight, before sowing 
can increase the rate and extent of emergence, improve seedling vigor, 
advance flowering and maturity, and increase yield in most cases. In some 
instances, priming does not benefit farmers, but negative effects of priming 
are rare. The consequences of drying seeds after priming are discussed, as are 
opportunities for farmers to “add value” to their seeds by using priming to 
deliver nutrient supplements and increase resistance to pests and diseases. 
Given its low cost, on-farm seed priming represents good insurance for risk- 
averse, resource-poor farmers. © 2006, Elsevier Inc. 


I. INTRODUCTION 


More than 2.3 billion tonnes of grains are produced in the world every 
year (FAOSTAT, 2005). This represents about 60% of all food crops and, 
excluding clonally propagated crops and fruit and tree crops, it would not 
be possible without the regular transformation of seeds into plants and 
back into seeds again. Farmers need an appropriate number of well-spaced, 
vigorous plants in a field before they can even think of getting a good 
yield (Brar et al., 1992; Harris, 1996; Radford et al., 1989; Soman et al., 
1987) yet good crop stands are often the exception rather than the rule for 
resource-poor farmers. Observations and surveys, particularly in marginal- 
and semiarid areas, suggest that poor stand establishment in many crops is 
common and a major cause of low yields (Soman et al., 1984a). Obtaining 
an adequate crop stand is the critical management problem that affects much 
crop production in marginal areas of developing countries (Harris, 1991; 
Howarth et al., 1997). The higher levels of stand establishment achieved 
in research trials compared with in farmers’ fields are a major factor 
contributing to the “yield gap” (Shumba et al., 1990). 

In marginal rainfed areas, patchy plant stands often result from the 
failure of the crop to emerge quickly and uniformly. Yields of many crops 
are reduced because not enough seeds germinate, emergence is slow, and the 
plants that do eventually emerge are susceptible to drought, pests, and 
diseases. The constraints facing resource-poor farmers in their efforts to 
get good stands and reasonable yields under difficult conditions are reviewed 
in a later section. Some simple, low-input, ways to improve crop establish- 
ment are discussed for a range of tropical crops in developing countries. 
In particular, the consequences of seed priming that farmers can do for 
themselves “on-farm” are explored in detail. 
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Il. THE PROBLEM 


A. INADEQUATE Crop STANDS 


Harris (1996) reported that, even in researcher-managed trials, around 
40% of the sowings in semiarid Botswana failed, often due to poor timing or 
implementation of sowing operations, but even good quality sowings were 
prone to failure. In southeastern Zimbabwe, Chivasa et al. (1998) found that 
93% of farmers reported poor stand establishment as a problem in maize, 
while 95% said it was a problem in sorghum and 87% in sunflower while 
Shumba et al. (1990) noted that the yield gap between recommended prac- 
tices for maize and groundnut and the situation in farmers’ fields was 
commonly correlated with poor crop stand at harvest. 

Many of the crops commonly grown by smallholder farmers in Zimbabwe 
often need to be replanted two or three times before satisfactory stands are 
obtained (Chivasa, 1995; Chiduza et al., 1995; Oosterhout, 1996). Chivasa 
et al. (1998) calculated that enforced serial resowing, coupled with limited 
local availability of seed, was responsible for much of the within-field 
sorghum diversity found in the area. Resowing is costly in terms of labor, 
materials, and reduced yields and often cannot be afforded by smallholder 
farmers living in marginal areas where poverty and scarcity of resources, 
such as labor or draft power, are common (Harris, 1991; Willcocks and 
Twomlow, 1993). Resowing will often lead to a reduction in area planted 
because seed is often in short supply locally (Chivasa et al., 1998) and 
consequently to a reduction in household food supply. Strategies that will 
improve stand establishment with initial plantings will contribute to 
increased household food security in dry areas (Chiduza et al., 1994). Harris 
et al. (2001a) reported that the costs associated with resowing are an impor- 
tant reason why farmers in difficult areas of western India get themselves 
into debt. Droughts are common there, and farmers report crop failure 
3 years in 10 and serious shortfalls 4 years out of 10. Farmers identified 
poor crop establishment as a serious constraint (CDS, 1990). 

Small-seeded crops, such as sorghum and pearl millet, predominate in the 
rainfed arid- and semiarid tropics. Sorghum is grown where mean annual 
rainfall varies from 600 to 1000 mm, whereas pearl millet replaces it as the 
dominant cereal crop where rainfall ranges from 200 to 600 mm year", 
both in South Asia (Sivakumar et al., 1984) and in Africa (Spencer and 
Sivakumar, 1987). Both crops are relatively resistant to the stresses encoun- 
tered in these harsh environments (Blum and Sullivan, 1986) where the 
negative effects of low-rainfall totals are compounded by high inter- and 
intraseasonal variation (Sivakumar et al., 1984). Despite their drought- 
tolerant characteristics, these crops can still be difficult to establish and 
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low yields are often due to poor crop stand establishment (Martin and 
Leonard, 1957). Observations in Siabuwa, Zimbabwe by Chiduza et al. 
(1995) and in Chiredzi, Zimbabwe by Chivasa (1995) confirmed that farmers 
were regularly using very high seed rates of between 1.2 and 1.8 million seeds 
per ha, yet plant populations in farmers’ fields ranged from 22,000 to 
160,000 plants per ha, so fewer than 10% of seeds established successfully. 
In Niger, West Africa, only 25% of pearl millet seeds sown by hand emerged 
in farmers’ fields and stand failures, attributed to high temperatures, were 
noted in nearly half of the fields sampled (ICRISAT, 1986). Postemergence 
seedling survival was also poor, resulting in a further 53% reduction. Estab- 
lishment of pearl millet in on-station trials was also problematic, with 
seedling emergence rates ranging from 32% to 40% (ICRISAT, 1987). 
Yield is reduced, not only because there are too few plants in the field but 
also because the remaining ones are unevenly spaced, and clumped plants 
perform less well (Soman et al., 1987). Radford et al. (1989) estimated that 
only 55% of sorghum seed planted in the field in Australia established 
successfully and that sorghum growers were losing 30% of their potential 
yield primarily due to inadequate plant densities. 

Poor crop establishment is common in other major crops commonly 
grown in semiarid areas such as cotton (Gossypium hirsutum). In a trial series 
in Sanyati and Sebungwe communal areas in Zimbabwe, data were dis- 
carded from 4 of the 11 trial sites because of very poor stand establishment 
(Cotton Research Institute, 1986). In a separate trial series, data from 50% 
of sites in Gokwe, Sanyati, and Sebungwe were discarded (Cotton Research 
Institute, 1996). Mean emergence of common bean (Phaseolus vulgaris L.) 
ranged from 28% to 43% in trials at seven on-station sites across Zimbabwe 
(Agronomy Institute, 1982), and barley (Hordeum vulgare L.) emergence 
averaged only 26% despite presowing germination scores of 95-98%. 
According to Chiduza (1987, 1993) and Chivasa (1995), crop establishment 
failures are common in maize in many areas of Zimbabwe. 


B. FACTORS AFFECTING Crop ESTABLISHMENT 


Important physical factors affecting germination and emergence of crops 
in semiarid areas, alone and in combination, include unpredictable and 
limited soil moisture, high temperatures, and soil-crust formation. Soil- 
moisture conditions can fluctuate rapidly as a result of high temperatures 
and consequent high-evapotranspiration rates (Monteith, 1979; Sivakumar 
et al., 1984). The temperature a few centimetres below the surface of bare 
soil is frequently in the range of 40-50°C during the day (Klaij and 
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Hoogmoed, 1993; Monteith, 1979; Peacock, 1982; Peacock et al., 1990), 
and the lethal temperature for germination of sorghum, for instance, ranges 
from 40°C to 48°C (Kailasanathan et al., 1976; Knapp, 1966; Ong and 
Monteith, 1984; Singh and Dhaliwal, 1972). Exposing sorghum seeds to 
high temperatures during imbibition slowed germination and reduced the 
number of seedlings that emerged (Ong and Monteith, 1984), but adverse 
effects were much less severe when seeds were allowed to imbibe water for 
8 h before exposure to high temperatures. Sorghum emergence can be 
severely affected by high temperatures (Wilson et al., 1982). Even if seedlings 
emerge, high-soil temperature can result in additional mortality. Peacock 
et al. (1990) described a phenomenon called heat girdling in sorghum 
whereby the phloem transport system of seedlings is inhibited, thus killing 
the seedlings. 

In maize, Buckle and Grant (1974) showed that temperature of the soil 
affects emergence in three ways: germination rate and time to emergence are 
temperature dependent, the potential length of the plumule is restricted by 
adverse temperature, and morphological abnormalities are induced by wide 
diurnal temperature fluctuations. The sorghum plumule bends over on 
reaching a noncrusted surface due to high-surface temperatures (Peacock 
and Heinrich, 1984). 

Soil surface crusts are common in semiarid areas and adversely affect 
germination and emergence (Grant and Buckle, 1974 for maize; Maiti et al., 
1986; Peacock, 1979; Soman et al., 1992 for sorghum). Poor and patchy 
establishment of cotton is common in Pakistan (Nabi et al., 2001), even 
where irrigation is available, because many soils form crusts if there is rain- 
fall after sowing but before emergence, and seedlings cannot break through. 
Seeds sown deep were most affected by crusting because emergence rates 
were so slow from depth and crust strength increased with time. The emer- 
gence of seedlings of pearl millet and chickpea was affected in a similar 
fashion (Sivaprasad and Sarma, 1987). Emergence through crusts was 
delayed by 5-6 days as depth of sowing increased from 2 to 8 cm. 

Among sorghum genotypes, rapid emergence was correlated with success- 
ful emergence through crusted soils (Agrawal et al., 1986). Soman et al. 
(1992) investigated the effect of soil crusts on sorghum emergence and 
concluded that cultivars with fast germination and high rates of mesocotyl 
elongation could break through the soil surface before crusts became too 
strong. Severe soil crusting at Save Valley and Chisumbanje Experiment 
Stations in Zimbabwe caused poor soybean establishment (Lowveld 
Research Stations, 1969). Careful, timely, and shallow cultivation to break 
crusts a few days after planting can improve stand establishment (Grant and 
Buckle, 1974; Soman et al., 1984) but is not practical for most smallholder 
farmers because of lack of resources. 
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HI. SIMPLE WAYS TO IMPROVE 
CROP ESTABLISHMENT 


Subsistence farmers are well aware of the nature of risk in their production 
systems. Because they typically have access to only a low level of technology 
and hence are unable to control environmental factors significantly, they tend 
to use a variety of tactics to spread risk (Rowland and Whiteman, 1993). Some 
management strategies appropriate to resource-poor farmers are discussed in 
a later section and their impact on crop stand establishment highlighted. 


A. SEED QUALITY 


High-quality seeds give better stands than poor-quality seeds (Ellis, 1989; 
Gubels, 1975; Osburn and Schroth, 1989; Parera and Cantliffe, 1994). 
Gurmu and Naylor (1991) showed that poor-quality seed, imposed by 
artificially ageing sorghum seeds at high temperature and humidity, germi- 
nated poorly and grew slowly, particularly at low-soil water potential. 

DeMarco (1990) reported that rates of emergence in wheat were faster 
from large seeds and from seeds with higher phosphorus content (but not 
phosphorus concentration), although the effects of seed nitrogen concen- 
tration or content were not consistent. Seedling growth parameters, such as 
leaf size, dry weight, and length of roots, were also increased by increased 
P-content and larger seeds. Similar results have been reported in other crops 
(Amjad et al., 2004; Austin, 1972) and DeMarco concludes that increasing P 
contained in the seed could, at least partially, compensate for the effects of 
low soil P on early seedling growth. Increasing seed P-content is feasible by 
fertilizing the seed-producing crop or by soaking seeds in dilute phosphate 
solutions (see later section). Wheat seedlings from large seeds emerged more 
rapidly and were taller, heavier, and had more tillers than plants grown from 
small seeds (Chastain et al., 1995). 

Larger seeds of pearl millet were more successful in establishing viable 
stands of pearl millet in West Africa (Klaij and Hoogmoed, 1993) and in 
India (Chhina and Phul, 1982) and Onwueme and Sinha (1991) claim that 
larger seeds are generally more effective, particularly from deeper sowings. 

If farmers have access to high-quality seeds (but see Cromwell, 1996) or 
can select and store their own seed effectively, then they can minimize the 
negative effects of poor seed quality on crop establishment. 


B. Timety Sowinc 


The probability of good emergence and seedling vigor can be maximized 
by timely sowing, for example, by planting with the first rains (Fakorede, 
1985). Timeliness of land preparation can have important effects on 
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soil-moisture conservation, mineralization of crop residues, weed growth, 
and on planting time (Birch, 1960; Rowland and Whiteman, 1993; Stroud, 
1985). However, although most farmers are well aware of this, lack of timely 
access to resources means that, for many, crop establishment remains a 
compromise between what is desirable and what is achievable (Willcocks 
and Twomlow, 1993). Poor timing and implementation of sowing opera- 
tions can result in establishment failures, and the quality of tillage has a 
big influence (Radford, 1983; Willcocks and Twomlow, 1993). Sowing date 
can adversely affect stand establishment. For instance, late sowing can 
expose maturing crops to adverse conditions such as low temperature 
(Ortiz-Monasterio et al., 1994; Rashid et al., 2004b), high temperature 
(Musa et al., 2001), and drought (Harris, 2003). Harris (1996) in Botswana 
reported large differences between sowing dates in emergence and vigor of 
sorghum seedlings caused by the weather conditions after sowing. If rain fell, 
or there were humid conditions, immediately after sowing emergence was 
rapid and seedlings grew vigorously, whereas a period of hot, dry weather 
delayed emergence and slowed seedling growth and development. 


C. DEPTH oF Sowinc 


There is conflicting evidence on the merits of deep versus shallow sowing 
(Rao, 1981). For maize, Grant and Buckle (1974) noted that 68% of the 
seedlings emerged from 5-cm depth, while there was only 20% emergence for 
seeds planted 10-cm deep. Once the coleoptile sheath in maize had split and 
the leaves were released underground, the chance of successful emergence 
depended on the depth of the shoot tip below the surface and the friability of 
the soil. Deep planting increases time to emergence and consequently may 
increase exposure to soil-borne diseases (Ellis, 1989; Gubels, 1975; Osburn 
and Schroth, 1989). Deep planting may also mean that the surface dries and 
hardens before the seedlings emerge. In contrast, shallow planting places the 
seed wholly in the zone of greater diurnal fluctuations, both in terms of 
temperature and soil moisture. Alessi and Power (1971) noted reductions in 
emergence of maize as sowing depth increased. Generally, the larger the 
seed, the greater the depth from which it can emerge and thus the deeper it 
can be sown (Onwueme and Sinha, 1991). 

For sorghum, Harris et al. (1987) showed that about 90% of seeds sown 
at 2-cm depth emerged successfully irrespective of soil temperature between 
15°C and 25°C, but emergence from 5-cm depth of sowing was reduced to 
76% at 25°C and to only 43% at 15°C, that is, only for the deeper sowings 
was final emergence correlated with temperature and hence rate of emer- 
gence. This experiment was conducted in soil in controlled environment 
glasshouses in which moisture stress was minimized by daily spraying of 
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the soil surface with water. Harris (1996) compared the emergence of sor- 
ghum seeds sown at 3- or 6-cm depth on nine planting opportunities during a 
single wet season in the field in Botswana, all after substantial rainstorms. 
Sowing depth had a variable effect on establishment success depending 
on subsequent conditions. Although seedlings emerged more quickly from 
shallow sowings when conditions allowed them to do so, that is, when 
further rain fell or the soil dried out relatively slowly after sowing, they 
often did not grow as vigorously as those from deeper sowings. Overall, 
sowing at 3-cm depth resulted in slightly faster and better emergence, where- 
as sowing at 6-cm depth was associated with a faster rate of leaf production 
and taller plants at 25 days after sowing (DAS). Given the unpredictability 
of the postsowing environment, and the ability of sorghum to emerge from 
up to 10-cm depth (Carter et al., 1992), Harris (1996) concluded that shallow 
sowings should be avoided if possible. Maiti (1986) measured a wide range 
of genetic variation in sorghum germplasm for the ability to emerge from 
depth, and concluded that mesocotyl elongation was related to successful 
emergence and seedling vigor. 

Gill and Prihar (1989) studied the interactions between soil-moisture dis- 
tribution and sowing depth for barley, chickpea, and wheat and concluded 
that wheat was the most sensitive to depth of the three crops. Gan et al. (1992) 
studied the effect of sowing depth and seed size on the emergence of wheat in 
Canada. Results were inconsistent between 2 years but, overall, emergence 
rate decreased as depth increased, and smaller seeds were slowed more than 
larger seeds. By tagging individual plants as they emerged, they were able to 
quantify reductions in yield due to slow rates of emergence. Averaged over 
2 years, plants that emerged earliest (1-3 days from ‘“‘first emergence”) pro- 
duced 1.4 times more grain than plants emerging at 4-6 days and 3.2 times 
more grain than plants emerging at 7-9 days. The yield differences were 
largely due to differences in numbers of grain-bearing tillers. Although effects 
may have been confounded by other issues related to seed size, it is clear that 
rate of emergence can be important in determining grain yield. 

In India, the deep sowing of groundnut seeds reduced shoot biomass, the 
number and mass of N-fixing nodules, nitrogenase activity, and grain yield 
(Nambiar and Srinivasa Rao, 1987). They recommended shallow sowings 
but noted that farmers often sowed seeds deeply to minimize the risk of 
drought. For pulses, such as chickpea, faba bean, and lentil, Siddique and 
Loss (1999) showed that, under southwestern Australian conditions, emer- 
gence was relatively unaffected by sowing depth and that deep sowings could 
be beneficial in some circumstances. 

Despite conflicting evidence from empirical studies, farmers in marginal 
areas where soil surfaces are likely to dry rapidly and heat up tend to favor 
deep sowings to minimize risk. This is particularly the case for larger-seeded 
crops that are generally better able to emerge from deep in the soil. 
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D. Dry PLANTING 


Dry planting—sowing seeds in dry soil in advance of expected rainfall— 
can have benefits that become increasingly obvious as the season progresses 
(Rowland and Whiteman, 1993) although it depends for its success on a 
sufficiently definite start of the rains. An early, but light, storm can initiate 
germination but, if followed by too long a dry period, seedlings may not 
survive. Dry planting is often used on heavy clay soils, such as Vertisols, that 
are difficult to work immediately after rain and where long delays can occur 
before the field is dry enough to plant. In a relatively predictable monsoonal 
system in India, Lomte et al. (1994) showed that, over a 5-year period, dry 
sowing sorghum outyielded conventional sowing by 24% and also used 
applied N more efficiently. Although dry planting is attractive in situations 
where there are shortages, or bottlenecks, of labor or draft power the 
practice has many drawbacks (Hunt, 1977). Seed can remain in the soil for 
long periods and may be lost to pests and diseases. If seeds germinate 
sporadically after light rains, it may not be immediately apparent to farmers 
that there is a need to resow (Rowland and Whiteman, 1993). Thus, they 
may delay replanting until they are quite certain that the first attempt has 
failed. Oosterhout (1996), in her survey in Zimbabwe, found that farmers 
began replanting in December only when it became clear that the early dry 
plantings of October and November had failed. Such late planting reduces 
yields substantially. 

Maiti and Moreno (1995) proposed using seed imbibition and redrying as 
a tool to screen sorghum varieties for the ability to survive partial wetting 
in the field. They concluded that there was significant genotypic variation, 
with some varieties able to grow even after 40 h of imbibition followed by 
30-h drying and that this ability was associated with the presence of a high 
concentration of a 33-kDa protein that could form the basis of a screening 
technique. 

Draft power required for cultivation during the dry season is very high for 
many soils (Willcocks and Twomlow, 1993), and these soils can rarely be 
tilled to sufficient depth by hand or ox-plough (Rowland and Whiteman, 
1993). Ploughing fields after the rains begin is easier and more effective. 
There may be weed problems in dry planted crops, and successful dry 
planting is dependent on early weed control. 


E. ‘TRANSPLANTING SEEDLINGS 
Surveys by Chivasa et al. (1998) in Musikavanhu communal area 


in Zimbabwe showed that 97% of the farmers transplant sorghum, 
using thinnings from overcrowded parts of the field. Factors for successful 
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transplanting were well known—a moist soil and plants of a particular size. 
Thinnings were used both to fill gaps and to plant extra areas, particularly if 
good early rains persisted into the middle of the season. The physiology and 
agronomic response of sorghum and pearl millet have been investigated in 
Ghana and Zimbabwe by Young and Mottram (2001) who showed that 
raising seedlings in small nurseries in advance of the onset of the rains 
required only small amounts of supplementary water and, when trans- 
planted into the field once the rains had established, those seedlings survived 
and performed well in comparison to direct-sown crops. Yields of trans- 
planted crops were similar to, or greater than, those of direct-sown crops and 
flowered and matured much earlier. In farmers’ trials in Zimbabwe, all 
farmers harvested the transplanted crop 3—4 weeks before the direct-sown 
crop and 89% reported higher yields (Young and Mottram, 2001). Farmers 
could, if they had access to supplementary water and labor was available, 
transplant some proportion of their land in this fashion as a way of extend- 
ing the growing season in short-duration rainfall areas, thus spreading risk 
to improve food security. 


F. Seep PRIMING 


Soaking seeds in water before planting is not new. Evenari (1980) 
reviewed the history of germination research and noted that, for example, 
farmers in ancient Greece soaked cucumber seeds in water or milk with 
honey before sowing to increase germination rate and emergence. Wilkinson 
(1918) recommended the placement of seeds of radish, bean, corn, and 
cucumber in lukewarm water overnight to increase germination velocity. 
Over the last 40 years, priming seeds with various substances has become a 
common seed treatment to increase the rate and uniformity of emergence in 
many vegetables, flowers and, sometimes, field crops. There is now a large 
literature on the effects of seed pretreatments on seed quality, germination, 
crop establishment, growth, and yield. These treatments have been charac- 
terized and reviewed many times (Ashraf and Foolad, 2006; Hegarty, 1978; 
Heydecker and Coolbear, 1977; Khan, 1992; Parera and Cantliffe, 1994; 
Taylor et al., 1998). 

Almost all the technologies considered by these reviewers have been 
developed with the assumption that seeds with “added value” can readily 
be accessed by farmers through formal seed supply chains. Adding value 
to seeds is often quite complicated or requires special equipment. Such 
methods, mostly developed for temperate situations, rely on carefully con- 
trolled hydration usually involving aeration to avoid imbibition damage 
(Ellis et al., 1990; Legesse and Powell, 1992; Matthews, 1980) and include 
use of solid matrix materials (Taylor et al., 1988), imbibition controlled 
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using sophisticated monitoring, such as drum priming (Rowse, 1996) a 
variety of osmotically active compounds (Brocklehurst et al., 1984; Khan 
et al., 1978) and inorganic salts (Paul and Chaudhury, 1991) generally 
followed by rapid redrying of seeds before storage and or distribution to 
farmers. 

Cromwell (1997) estimates that only around 10% of the seed needs of 
farmers in developing countries are met by formal (public and private 
commercial) seed systems. Similarly, according to Jaffee (1991), over 80% 
of the seed of staple crops in developing countries is farm-saved. In India, 
Pal et al. (2000) reported that, in rice, official estimates of annual seed 
turnover rate (i.e., the proportion of seed that is replaced every year from 
the formal sector), based on average figures between 1995 and 1998 ranged 
from almost zero in Tamilnadu State to 32% in Andhra Pradesh State. The 
national average was only 14%, a figure confirmed by Turner (1994), and this 
in a crop grown on almost 50 million ha (Subbarao et al., 2001). The 
national average for wheat was even lower, at 7% (Turner, 1994). A similar 
situation occurs in Africa where maize seed in a few countries was relatively 
regularly available to farmers through the formal sector, whereas in most 
countries the proportion of nonformal-source seed was high (Table I). 

Cromwell (1996) asserts that the availability of seed per se can affect 
African farmers’ ability to sow a crop at all, and Chivasa et al. (1998) 
demonstrated that farmers in Zimbabwe were often constrained by poor 
seed availability in the choice of which varieties of sorghum to grow. Access 
to the formal sector affords an opportunity to market “added value’’ seeds 
(although it must be noted that “added value” invariably also means “added 
cost”), but the reality is that most seed is farm-saved or from local, informal 
sources. Clearly, if farmers are to gain benefits from “enhanced” seed then 
they need appropriate methods, that is, those that they can apply themselves 
to their own seed. Resource-poor farmers cannot control imbibition except 
by timing, find aeration of solutions difficult and cannot use sophisticated 
drying techniques. Consequently, unless noted otherwise, this chapter only 
considers work on priming by soaking in nonaerated free water, followed 
either by immediate sowing or by air drying and henceforth termed ‘‘on- 
farm” seed priming (Harris, 1996), and it also emphasizes work done in 
developing countries. 


IV. “ON-FARM” SEED PRIMING 


Once sown, seeds spend significant amounts of time absorbing water from 
the soil. By reducing this time to a minimum, seeds can be made to germi- 
nate, and seedlings made to emerge, more quickly. Farmers can prime their 
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Table I 
Estimates of Maize Seed Markets in Some African Countries 





Area Quantity of seed Seed purchasing 

Country (1000 ha) planted (t) frequency (%) 
Nigeria 4702 117,550 20 
South Africa 3770 60,320 75 
Zimbabwe 2000 50,000 13 
Ethiopia 1800 45,000 20 
Tanzania 1602 40,050 20 
Kenya 1360 34,000 T5 
D.R.C. 1349 33,725 10 
Malawi 1235 30,875 33 
Mozambique 1081 27,025 10 
Egypt 774 19,350 85 
Cote d’Ivoire 692 17,300 10 
Ghana 667 16,675 25 
Zambia 599 14,975 50 
Angola 596 14,900 15 
Uganda 585 14,625 20 
Benin 479 11,975 10 
Togo 354 8850 10 
Somalia 350 8750 10 
Morocco 327 8175 20 
Cameroon 317 7925 25 
Mali 237 5925 10 
Madagascar 189 4725 10 
Burkina Faso 180 4500 10 
Burundi 113 2825 10 
Lesotho 106 2650 33 
Swaziland 60 1500 80 
Rwanda 51 1275 10 
Total 605,445 


Data from MacRobert, J., CIMMYT, Harare (personal communication). 


own seed if they know the “safe limits”—the maximum length of time for 
which seeds can be soaked and which, if exceeded, could lead to seed or 
seedling damage. These safe limits can be calculated for each variety so that 
germination will not take place before sowing after seeds are removed from 
the water. Primed seed will only germinate if it takes up additional moisture 
from the soil after sowing. It is important to note this distinction between 
priming and pregermination—sowing pregerminated seed under dryland 
conditions can result in total failure to emerge. 

For many tropical crops, “overnight” is well within the safe limits for 
priming. Farmers can prime seed overnight and simply surface dry it before 
sowing. Apart from swelling slightly and weighing more, primed seed can be 
treated in the same way as nonprimed seed. If sowing is delayed, for example, 
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by heavy rain, it can be surface-dried and stored in a dry place for several days 
without loss of viability. For the purposes of this review, the definition of ‘“‘on- 
farm” seed priming is extended to include seeds air dried after priming 
because, in practice, sowing is frequently delayed (see in a later section). 


A. In VITRO INVESTIGATIONS OF RATE AND EXTENT OF GERMINATION 


Harris and Mottram (2005) tested the germination response to seed 
priming of the following crops: wheat, chickpea, cowpea, maize, upland 
rice, mungbean, mustard, sorghum, pearl millet, and finger millet. Seeds 
from a number of varieties (from 2 to 17) of each crop were tested in an 
incubator at constant temperature. Crops normally sown under summer 
conditions were tested at 30°C (and also at 40°C for pearl millet) whereas 
winter-sown crops were tested at 20°C. After preliminary experiments to 
determine optimum priming durations for each crop, 50 seeds of each variety 
were either immersed in distilled water or kept dry at the same temperature. 
Soaked seeds were removed from the water, surface dried and set to germi- 
nate at the same temperature on moist filter paper in petri dishes or lidded 
plastic containers, depending on seed size. The authors concluded that 
priming for 8-12 h (“overnight”) resulted in significant reductions in the 
time for 50% of the seeds to germinate (f,50:,) in most varieties of all crops, 
with no significant differences in final emergence percent between primed- 
and nonprimed seed lots of any given crop or variety. Eight hours was 
suggested as the most appropriate soaking duration for all crops tested as 
it equates to “overnight” for farmers, although they acknowledged that 
wheat, maize, and rice can be primed for up to 18 h without problem. 


1. Wheat 


Although their study was primarily an investigation of the effect of 
priming wheat seeds with various concentrations of gibberellic acid, the 
results of Parashar and Varma (1988) clearly demonstrate that soaking in 
water for 6, 12, and 18 h, followed by drying for 3 h, increased rates of 
germination in both nonsaline and saline conditions. 

Harris et al. (2001b) compared the germination characteristics at 20°C, 
and the response to priming with water, of 12 wheat varieties from South 
Asia. Final germination percentage was not affected by priming seeds for 8 h 
or by a treatment in which seeds were primed for 8 h then dried for 24 h. 
However, the mean fgsq, was reduced from 51 to only 27 h (47%) following 
priming for 8 h. Seeds dried for a further 24 h after priming retained the 
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ability to germinate faster than nonprimed seeds, although the advantage 
was reduced to a fgsox, of 43 h. 

Rashid et al. (2002) reported an experiment in which the germination 
(in Petri dishes with 200 mol m° NaCl to simulate saline conditions) of 
wheat variety KRL 1-4 was measured in response to priming with water for 
8 h. Neither priming nor salinity had any significant effect on final germina- 
tion percentage, but teso% was affected by both factors. The teso was 52 h 
for nonprimed seeds in nonsaline conditions but only 35 h for primed seeds. 
Germination of nonprimed seeds in 200 mol m°? NaCl was very slow (99 h) 
and priming reduced this to 62 h. 


2. Upland (Direct-Seeded) Rice 


Harris and Jones (1997) tested the germination response to seed priming of 
11 varieties of upland rice, including traditional and improved O. sativa and 
O. glaberrima varieties and new interspecific hybrids (Jones et al., 1997; 
WARDA, 2002). Priming seeds with water for 24 h did not affect the final 
germination percentage, but it reduced fysqv, in all varieties from a mean of 46 h 
down to 32 h. The actual time saved by priming varied from 7 to 20 h. Harris 
and Mottram (2005) tested 10 varieties primed for 12 h and reported signifi- 
cantly faster germination. However, there was no significant relation between 
the faster germination caused by priming and the nonprimed germination rate 
for priming durations of either 12 or 24 h (Harris and Mottram, 2005). 

Harris et al. (1999) used the popular Indian upland rice variety Kalinga III 
to test the effect of various combinations of priming duration and post- 
priming dry storage on fgsoy, at 30°C. Again, none of the priming treatments 
affected final germination percentage but priming for 12, 24, and 36 h in water 
reduced fgsoy,, although the reduction by priming for 36 h was little better than 
that of 24 h. Keeping seeds dry for 24 h reduced the benefits from priming but 
t50% in all cases was still less than that for nonprimed seeds. 


3. Maize 


Germination of two Indian varieties of maize (Sameri and Shweta) was 
significantly hastened at 30°C (tgsoy, reduced from 38 to 19 h) following 
priming with water for 24 h. However, the primed seeds continued to 
germinate even after they were kept dry for a further 24 h, suggesting that 
the safe limit for priming had been exceeded. Soaking seeds for 8 h at 20°C 
reduced fgsoy, from 86 to 50 h (Harris et al., 1999). Harris et al. (2002a) 
showed that priming for 12 h significantly reduced fgsoy, in 17 out of 18 maize 


cultivars from Zimbabwe. Final germination was not affected by priming. 
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Further analysis by Harris and Mottram (2005) concluded that the propor- 
tional response to priming was greater in cultivars that were inherently 
slower to germinate without priming. Rashid et al. (2002) noted faster 
germination under both saline (100 mol m°? NaCl) and nonsaline conditions 
following priming for 24 h in maize cv. Sarhad White, but only under 
nonsaline conditions in cv. Dehquan. Germination studies involving a 
range of substrate water potentials (Murungu et al., 2005) confirmed that 
final germination percent of maize decreased as water potential decreased 
from 0 to -1500 kPa and that seed primed for 12 h was less sensitive to 
moisture stress than nonprimed seed, that is, the relative effect of priming 
increased as moisture stress increased. 


4. Sorghum 


Harris (1991, 1996) reported data from germination experiments with 
sorghum cv. Segaolane in controlled environments and showed that fysoy, at 
30°C decreased as the soaking time increased from 0 to 10-12 h, a treatment in 
which a 50% saving in time could be achieved. However, germination of seeds 
soaked for longer than 10-12 h was found to continue even after soaking 
ceased, and so would be susceptible to damage during sowing operations or in 
the event of any delays in sowing. Al-Soqueer (2004) tested the germination of 
two sorghum varieties from Saudi Arabia and found that soaking seeds in 
water for 12 h increased both the fgsoy, and the final germination if sown 
immediately, whereas drying for 24, 48, and 72 h had no effect on final 
germination but increased fysoy, slightly relative to the nonprimed control. 


5. Cotton 


Murungu et al. (2005) concluded that germination of two cotton varieties 
(CY889 and SZ93-14) was inhibited progressively as water potential of 
the medium (aqueous polyethylene glycol solutions) was reduced, that is, 
made more negative. There was no significant effect of priming for 12 h on 
germination rate or final germination at water potentials of 0 or —10 kPa, 
but priming increased both significantly (p < 0.05) at higher stress levels of 
—50, -100, and —500 kPa. 


6. Chickpea 


The germination characteristics and response to priming at 20°C of the 
Indian chickpea cultivars ICCV 2, ICCV 10, ICCV 88202, GL 769, and 
L 551 were studied by Harris et al. (1999). The mean fgsoy, was reduced from 
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around 50-35 h by priming for 8 h, but there was some evidence that primed 
seeds, particularly, those of ICCV 2, ICCV 10, and L 551, tended to continue 
to germinate after priming had finished. In a small plot experiment, emer- 
gence of cv. ICCV 10 and cv. Dahod Yellow was significantly reduced from 
about 230 to 190 h by priming seeds for 8 h. 


7. Bambara Groundnut 


Linnemann and Azam-Ali (1993) noted that yield of bambara groundnut 
was often constrained by poor germination, emergence, and stand establish- 
ment. Massawe et al. (1999) recorded the imbibition time course for three 
bambara groundnut landraces and, although there were differences in the 
rates at which varieties took up water, final germination percentage was 
higher for primed seeds than for nonprimed seeds. The optimum soaking 
time was 24 h for two of the varieties tested but 72 h for the third one. In 
contrast, Mabika (1992) found no effect of priming seeds for 24 h on the 
germination behaviour of two other landraces. 


B. In Vitro EMERGENCE AND EARLY SEEDLING GROWTH 
1. Wheat 


Bhati and Rathore (1986) soaked wheat (cv. Sonalika) seeds in India in 
distilled water for 14 h and then dried them at room temperature for 4 h. 
Priming resulted in significantly (p < 0.05) faster emergence and 11% more 
seedlings that were 22% taller with shoots that were 18% heavier on a dry weight 
basis 20 DAS. Seedlings from primed seeds had 18% longer roots (p < 0.1). 

Final emergence of seedlings of wheat variety KRL 1-4 from soil in 
pots was unaffected by either priming with water for 8 h or by saline condi- 
tions, but the time for 50% emergence (f59,,) was reduced from 108 to 95 h by 
priming under nonsaline conditions and from 166 to 147 h when irrigated with 
150 mol m * NaCl (Rashid et al., 2002). These results confirmed those of Idris 
and Aslam (1975) who soaked wheat seeds for 12 and 24 h, air dried them 
(time not specified) to “about” their original weight, and found that germina- 
tion rate in water and in 0.5% NaCl was enhanced by priming with water and 
primed seedlings were taller with heavier roots and shoots. 


2. Upland (Direct-Seeded) Rice 


Fast germination, emergence, and rapid development of ground cover 
are important traits for upland rice varieties grown in West Africa where 
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competition from weeds is a major constraint on yield (Adesina et al., 1994). 
Harris et al. (2002b) described two in vitro experiments with rice to investi- 
gate the consequences of early emergence for seedling vigor and, by implica- 
tion, competition with weeds. They simulated the effects of rapid emergence 
of rice plants on competition with other, adjacent, rice plants behaving as 
weeds and emerging at the same time as, or later than, the crop plants. 
Although the total fresh biomass (sum of 10 crop plants plus 10 “weed” 
plants) of 25-day-old seedlings in the containers remained the same irrespec- 
tive of when the weed plants had emerged (i.e., 0, 1, 2, or 3 days after the 
crop plants), and this biomass was significantly greater than that produced 
by 10 crop plants without weed competition, crop biomass increased as the 
delay in weed emergence increased. In contrast, the weed biomass declined 
with each successive delay. Thus, plants that emerged earliest were able to 
sequester more resources and grew faster at the expense of plants emerging 
later. This effect probably forms the basis for the farmers’ observations 
concerning better weed suppression by primed plants reported by Harris 
et al. (1999). 


3. Maize 


Results of a similar experiment to that described by Harris et al. (2002b) 
for rice but with maize are shown in Fig. 1 and Table II. As for rice, it was 
assumed that the most effective competition for maize plants would be other 
maize plants since they occupy exactly the same ecological niche. Conse- 
quently, seeds of cv. R201 maize were sown in soil at field capacity in large 
trays (0.5 m x 0.35 m x 0.18 m) in a greenhouse as shown in Fig. 1. Ten 
seeds per row were sown and seedlings thinned on emergence to leave five 
regularly spaced plants at positions A and B. “A” plants were designated the 
“crop” and sown on day 0, while “B” plants were designated as “weeds” and 
were sown on day 0, 1, 2, or 3 according to treatment. This was to simulate 
delayed emergence of nonprimed “weed” seed relative to primed “crop” 
seed since farmers had noted that primed crops exhibit great early vigour 
and, in some circumstances, compete aggressively with weeds (Harris et al., 
1999). They commonly report faster emergence of 1-3 days following seed 
priming, hence the choice of treatments used. A further treatment contained 
only four “A” rows and represented the “no competition from weeds” 
situation, in which only within-crop competition would be expressed. 

The effect of treatment on the “crop” (“A” rows) was highly statistically 
significant for all four traits listed in Table II. In relation to “crop” and 
“weed” emerging at the same time (treatment 0, i.e., maximum competitive 
pressure), 1 day’s delay (treatment 1) in emergence of the “B” rows did not 
significantly increase the development or growth of the “A” rows. However, 
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A B A B A B A B 
A B A B A B A B 
A B A B A B A B 
A B A B A B A B 
A B A B A B A B 
Figure 1 Planting design for competition experiments using R201 maize. A = “Crop”; 


B = “Weed.” B rows were sown 0, 1, 2, or 3 days after the A rows. 


a 2- or 3-day delay in the emergence of the “B” rows significantly increased 
the number of leaves per plant, plant height, number of root axes per plant, 
and fresh weight of the “A” rows relative to a 0- or 1-day’s delay. “A” row 
plants growing in the absence of “B” rows (no competition) were signifi- 
cantly taller and heavier than in all other treatments. Conversely, the perfor- 
mance of the “B” rows was best when they emerged at the same time as the 
“A” rows and declined in proportion to any delay. Again, there was no 
significant difference between 0 and 1 day’s delay, except in leaf number per 
plant (Table II). 

The data from this artificial system of competition suggest that early 
comparative emergence of maize (and also upland rice as described by 
Harris et al., 2002c) and the resultant rapid early growth and development 
might confer some competitive advantage over weeds that emerge at the 
“normal” time, irrespective of any physiological advantages that priming 
might confer. The critical delay appears to be between 1 and 2 days. If 
primed maize seeds do emerge significantly earlier than otherwise, a mecha- 
nism seems to exist for a competitive advantage over weeds that might 
explain some of the benefits in the field reported by, for example, Harris 
et al. (1999, 2001a) and Chivasa et al. (1998). 

The upper limit for priming in maize was determined as 24 h in India in a 
field emergence experiment reported by Harris et al. (1999) and in a pot 
experiment in Zimbabwe by Chivasa et al. (2000). These latter authors also 
noted significantly faster emergence, taller and heavier seedlings, and more 
leaves per plant (all measured 14 DAS) from seeds primed for longer than 
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Table II 
Mean Values and Significant Differences for Four Traits 








Mean value 
Trait Delay (days) “Crop” (A) “Weed” (B) 
Leaf no. per plant 0 3.67 3.67 
1 3.74 3.3” 
2 3.8” 3.1° 
3 3.9” 3.0° 
No comp. 3.9° 
LSD/(0.05) 0.14 0.19 
Height (cm) 0 51.87 51.7% 
1 53.87 49.6" 
2 56.4” 43.9” 
3 37.7 40.8 
No comp. 61.5° 
LSD(0.05) 2.14 3.61 
No. of root axes per plant 0 9.37 9.57 
1 9.37 9.27 
2 10.0° 8.4” 
3 9.9° 7.9” 
No comp. 10.5? 
LSD(0.05) 0.57 0.65 
Fresh weight per 20 plants (g) 0 81.27 72.4" 
1 87.0% 63.6% 
2 102.6° 48.3° 
3 114.2° 41.6 
No comp. 136.17 
LSD (0.05) 8.50 8.98 


All measured 25 days after sowing (from day 0) in the “A” Rows and the ‘B’ Rows separately. 
“No comp.” = “A” rows grown without “B” rows. Within each trait and column, values 
followed by the same letter do not differ significantly at p < 0.05. Values are taken from 
4 rows x 5 plants = 20 plants. 


8 h in cv. R201. In contrast, these variables were not significantly increased 
in cv. PAN 6363 unless seeds had been primed for at least 16 or 18 h. The 
number of root axes per plant was not increased, relative to the nonprimed 
treatment, until seeds had been primed for at least 14 h in cv. R201 and for 
20 h or more in cv. PAN 6363. Harris (1996) has noted a correlation between 
rate of formation of root axes and seedling vigour in sorghum. 
Finch-Savage et al. (2004) investigated the interactions between tempera- 
ture during priming and during germination and emergence of maize from 
sand cores differing in moisture content. In dryer conditions at 35/28°C day/ 
night temperatures, priming for 17 h reduced emergence time and increased 
final emergence percentage relative to nonprimed seed. In moist cores, 
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priming advanced emergence at 30/20°C but reduced final emergence at 35/ 
28°C and both delayed and reduced emergence at 40/28°C. Priming also 
increased the sensitivity of seeds to high temperatures, decreasing the opti- 
mum and ceiling temperatures for germination. The authors noted that 
responses sometimes differed between seedlots and aerating the soak water 
or allowing primed seeds to dry for 1-2 h mitigated the negative effects of 
high temperatures and wet conditions. 

Murungu et al. (2003), in pot studies with drying soils in Zimbabwe, 
primed seeds of maize cv. SC401 and consistently improved emergence 
and early seedling growth across a range of soil aggregate sizes (<1, 1-2, 
and 24.75 mm, 4.75—16 mm) and initial soil matric potentials (-10, -50, and 
—100 kPa). The number of seedling root axes measured 8 DAS was increased 
by priming at all matric potentials and in all aggregate sizes >1 mm. In finer 
soil (<1 mm) root number was decreased by priming in the wetter soils (-10 
and —50 kPa) but not at -100 kPa. Priming also increased shoot length 
8 DAS significantly from 48 to 96 mm at -10 kPa, 19-31 mm at —50 kPa 
and from 3 to 13 mm at —100 kPa. The authors concluded that seed priming 
in maize can partly compensate for the negative effects of low-soil water 
matric potential on crop establishment, but they also introduced a note of 
caution when primed seed was sown in wet conditions where aeration was 
likely to be restricted. 


4. Sorghum 


Emergence of sorghum cv. Segaolane at 30°C from soil in trays was 
significantly hastened by 23% when seeds were presoaked for 6 h or longer 
(Harris, 1991, 1996). The rate of imbibition during soaking was found to be 
proportional to temperature, and was faster in free water at 20°C, 30°C, or 
40°C than in moist soil at 30°C, but soaking for 8-10 h was recommended 
for sorghum crops sown in southern Africa. 

Chivasa et al. (2000) measured the emergence and seedling growth of two 
varieties (Red Swazi and Muchayeni) of sorghum in a pot experiment in 
Zimbabwe and concluded that soaking sorghum for 12 h or more caused 
more than 50% of seeds to sprout before sowing. For soaking durations of 
8 and 10h, priming hastened the onset of emergence in both cultivars relative 
to nonprimed seeds but 10 h was generally better than 8 h. The teso% was 
reduced significantly (p < 0.001) by 23% and final emergence percent 14 DAS 
was significantly (p < 0.05) higher after 10 h priming, relative to not priming, 
in both cultivars. Fourteen-day-old seedlings, of both cultivars, from seeds 
primed for 10 h also had significantly (p < 0.001) more leaves and root axes 
and were taller and heavier than nonprimed seedlings. 

Emergence from soil in pots at 30°C after soaking in water for 12 h was 
26% better than not priming if primed seeds were sown immediately. Drying 
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for 24, 48, or 72 h reduced this advantage to 10-13% (Al-Soqueer, 2004). 
Emergence rate was increased by priming without drying by 16%, but no 
benefit remained after primed seeds were dried. Root dry weight measured 
15 DAS was significantly increased by priming (without drying) but shoot 
dry weight was not. Seedlings from seeds primed then dried were not 
significantly different from nonprimed plants. When tested across a range 
of salinity, emergence rate from pots was increased by priming (without 
drying) by about 60% at 0.4 and 4 mmhos cm~! and about 35-40% at 8, 12, 
and 15 mmhos cm", although differences at 12 and 15 mmhos cm~' were 
not statistically significant. Priming increased root dry weight measured 25 
DAS across all salinity levels, by a mean of 25% but shoot dry weight 
was not affected, relative to not priming. Emergence rates were also en- 
hanced by priming by about 50% across a range of soil bulk densities from 
1 to 1.6 g cm”. 

Priming for 12 h increased emergence rate (by 18%) and final emergence 
(by 25%) from soil in a glasshouse at 30°C but only if sown immediately 
after priming. Seeds dried for 48 h after priming did not differ from non- 
primed seeds (Al-Soqueer, 2004). Plant height and shoot dry weight were 
increased by priming (without drying) and grain yield was increased signifi- 
cantly (p < 0.05) by 16% as a result of increases in the number of grains per 
panicle and grain size. Similar results were obtained in a second year with a 
34% yield increase due to priming. 


5. Cotton 


Murungu et al. (2003) showed that, in pot studies using a range of soil 
matric potentials at sowing and a range of soil aggregate sizes, emergence 
rate and final emergence percent of cotton seedlings decreased as water 
potential decreased and there was no emergence at —200 or —1500 kPa. 
Although there was no significant effect of priming on emergence rate, it 
significantly increased final emergence from 75% to 99% at —10 kPa, from 
7% to 79% at —50 kPa, and from 1% to 7% at -100 kPa. Primed cotton 
seedlings, measured 8 DAS, had longer roots and shoots than nonprimed 
seedlings at all initial matric potentials. The authors concluded that priming 
could partly compensate for the negative effects of drying soils on emergence 
and early growth. 


6. Bambara Groundnut 


In emergence studies (Massawe et al., 1999), priming produced heavier 
seedlings and larger leaf areas measured at 14 DAS and also at 20 DAS. 
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Measurements between 8 DAS and 20 DAS suggested that priming-related 
differences were not just a function of earlier emergence (and hence growth for 
a longer period) but were also associated with faster relative growth rates. 


C. Researcu STATION STUDIES 
1. Wheat 


There are few examples of investigations of priming in wheat that do not 
involve drying primed seeds back to storage-moisture content. In an early 
paper from India, Dhingra et al. (1974) soaked wheat seeds for 18 h (without 
drying) and improved grain yield by about 200 kg ha ' and straw yield 
by about 400 kg ha~’. Dayanand et al. (1977) included a comparison of 
the effects of priming overnight, without drying, on the uptake of N, P, and 
K by seven varieties of wheat in the field. Priming had no significant effect 
on the uptake of P and K but significantly increased the uptake of N by 8% 
and 7% in the two consecutive years of the study. The authors attribute this 
effect to faster germination and growth in plots with primed seed, but no 
yield data were given so it is not possible to say if the extra N resulted in 
the production of more grain or straw. Bhati and Rathore (1986) soaked 
wheat (cv. Sonalika) seeds in India in distilled water for 14 h and then dried 
them at room temperature for 4 h. This drying period was probably not long 
enough for seeds to regain their original moisture content and is of a similar 
order to delays after priming that might be encountered in farmers’ fields. 
Priming resulted in significantly (p < 0.05) faster emergence and bigger 
seedlings measured 20 DAS. Although priming had no effect on the tissue 
content of N, P, and K, it did increase the uptake per seedling, presumably 
as a consequence of their larger size, of N by 18% (p < 0.05) and P (20%) 
and K (18%) (both p < 0.1) relative to nonprimed plants. As in Dayanand 
et al. (1977) no yield data were given. Mandal and Basu (1987) demonstrated 
that priming in water for as little as 2 h (followed by redrying to storage- 
moisture content) both as a mid-storage treatment and as a presowing 
intervention could increase grain yield significantly. 

Sen and Misra (1984) and Paul and Choudhury (1991) present yield data 
but there is some uncertainty concerning whether seeds were dried after 
priming and, if so, for how long. Sen and Misra (1984) do not give any 
details of how priming was achieved but reported a significant (p < 0.05) 
increase in grain yield of 14% and 13% relative to crops from nonprimed 
seed in two consecutive years in India. Paul and Choudhury (1991) in Assam 
primed wheat seeds for 18 h and then dried it “in the shade” (duration 
unspecified) “to bring back to almost (my italics) original weight.” Averaged 
over two varieties (WH 291 and Sonalika) priming increased grain yield 
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significantly (p < 0.05) by 15% and 25% in two consecutive years and straw 
yield by 8% and 16%. 

Rashid et al. (2002) primed wheat seeds overnight in two RBD trials 
at Gundheri in Pakistan and significantly increased grain yield by 22.5% 
(p < 0.05) and 24.3% (p < 0.10). 


2. Upland (Direct-Seeded) Rice 


Singh and Chatterjee (1981) included soaking seeds of three varieties of 
upland rice in water for 24 h, followed by air drying, in their trial in India of 11 
seed treatments. Priming seeds for 24 h significantly improved stand estab- 
lishment, relative to nonprimed seeds, by 43%, 24%, and 23% in three consec- 
utive years and increased grain yield by 11%, 24%, and 20%, respectively. 

Harris et al. (2002b) compared the effects of seed priming on the yield of 
10 upland rice varieties in 2 years of on-station trials in Rajasthan, India. 
Averaged over all varieties, priming seeds overnight in water increased grain 
yield by 18% in 1997 and by 40% in 1999, a much drier year. Components 
of yield were measured in 1997 and results showed that the increased yield 
was due to a combination of faster emergence and better crop stands (91% 
emergence versus 61% in nonprimed crops) and better individual plant 
performance. Mean time to flowering was reduced by priming by almost 
4 days, plant height was increased from 94 to 108 cm and the number of 
panicles per plant was increased from 4.9 to 5.7. An additional treatment, 
that is, priming seeds with a 2% solution of NaCl, improved yield by less 
than priming with water alone. 

Priming rice seeds for 12 and 24 h was tested in Ghana in 2000 on the 
research station of the Crops Research Institute, Fumesua (WARDA, 2002, 
pp. 21-29). Priming resulted in significantly faster, more complete crop 
establishment, more vigorous growth (larger leaf area, taller plants, and 
higher root and shoot dry weights measured 4 weeks after sowing) in both 
varieties that were tested. Primed plants also produced significantly more 
tillers, panicles and grains per panicle than nonprimed plants. There was 
little difference between priming for 12 or 24 h and the mean yield increase 
over the nonprimed treatment was about 25%. 


3. Maize 


Work in Zimbabwe suggests inconsistent responses of maize to priming 
(Murungu et al., 2004a) in a study where the crop was established by over- 
sowing and thinning back to a target population. Priming increased the rate 
of emergence relative to nonprimed seed in 8 out of 9 year x simulated 
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rainfall combinations. In the ninth comparison, associated with very high 
soil temperature, priming slowed emergence. There was no significant effect 
of priming on final stand nor on relative growth rate and, although priming 
significantly reduced time to maturity from 113 to 100 days in 1 of the 
2 years, there were few meaningful effects on other components of yield 
and no yield increases in either year. Since Murungu et al. (2004b) concluded 
from a related study at the same site that yield benefits from priming in 
maize were mainly a consequence of better crop stands, the negative results 
of Murungu et al. (2004a) are not unexpected. 

Harris et al. (2004) summarized the results of 14 trials of maize-seed 
priming in Pakistan over 4 years between 1998 and 2000. Priming for 16— 
18 h was found to be the optimum duration and gave statistically significant 
(p < 0.05) increases in grain yield, ranging from 17% to 76%, in 11 out of the 
14 trials. In no case was the result of priming worse than not priming. 


4. Sorghum 


In two field sowings in Botswana in 1991-1992, priming sorghum seed for 10 
h in water gave large increases in emergence, seedling development, and growth 
over the first 25 DAS (Table II). Plots with primed seed had significantly more 


Table II 
Effect of Seed Treatment on Sorghum Variables Measured 25 DAS in a Field 
Emergence Experiment in Botswana, 1991-1992 


Seed treatment 





Primed with 





Variable Not primed water for 10 h 
Emergence 
Emergence (%) 13.4 24.7(84) 
Development 
No. of leaves (pl~') 5.5 6.2(11) 
No. of root axes (pl7!) 6.6 8.1(22) 
Growth plant”! 
Plant height (mm) 58 72(23) 
Shoot dry matter (mg p17» 452 712(58) 
Growth per unit area 
Shoot dry matter (kg ha~') 10.9 34(214) 
[Seed rate (x 10° ha ')] 139 181(30) 
Shoot dry matter adjusted for sowing rate (kg ha!) 10.9 27.8(154) 


Data are from Harris, D., and Patrick, C. (unpublished). Values are means of two sowing dates. 
The relative advantage of the priming treatment over nonprimed seed is given as a percentage in 
parentheses. 
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plants and those plants produced leaves and roots faster and were taller and 
heavier. After accounting for systematic differences in sowing rate between 
treatments (because primed seed swelled and ran through the planter at differ- 
ent rates), shoot dry matter per unit area was increased by 154% in the primed 
treatment. Final harvest comparisons were planned, but the 1991-1992 season 
was the driest since records were kept in Botswana. The primed plots produced 
some grain whereas the control plots all failed, but all the grain was consumed 
by birds that had no other source of food in such a dry year. 

Al-Soqueer (2004) investigated the interaction between priming and three 
soil moisture regimes, using differential irrigation, in a field experiment in 
Saudi Arabia. Overall, emergence was only around 50-60% but priming for 
12 h (without subsequent drying) increased emergence by 14% and was asso- 
ciated with a 10% increase in emergence rate. Neither the emergence percent 
nor the rate of emergence of nonprimed seeds and seeds dried for 48 h differed 
significantly. Root dry weight measured 30 DAS was 50% larger in the primed 
(without drying) treatment, averaged across all moisture regimes. Shoot dry 
weight was increased by priming (without drying) at 20, 40, 60, 80, and 95 DAS 
and under all moisture regimes except the driest at 80 and 95 DAS. Priming and 
drying seeds for 48 h gave no benefit relative to not priming. Grain yield was 
increased by 18%, associated with significant increases in panicle number per 
unit area, grain number per panicle, and 1000-grain weight. 


5. Pearl Millet 


The practical implications of sowing seeds into soils with low moisture are 
demonstrated by the data shown in Fig. 2. This field experiment was con- 
ducted on a sandy soil in Rajasthan, India in the dry off-season and emer- 
gence, even in moist soils [volume moisture content (VMC) = 9.4%], was 
only around 50% despite all seed lots used having germinability over 90%, 
thus confirming the large differences between field emergence and 
laboratory-based germination testing reported in marginal environments. 
For instance, Chiduza et al. (1995) and Chivasa (1995) reported that less 
than 10% of sorghum and pearl millet seeds established successfully in 
farmers’ fields in Zimbabwe. In Fig. 2, as soil moisture content at sowing 
declined (with increasing distance from a presowing irrigation line source), 
the emergence percentage of nonprimed seeds also declined until only about 
12% of seeds sown at a VMC of 6.7% emerged. Primed seeds, however, 
emerged better at all levels of soil moisture and the relative increase due to 
priming increased from 15% in moist soil to 45% in dry soil. Priming was not 
able to compensate completely for the effects of low-soil moisture at sowing 
but made a significant contribution across a range of soil moisture contents 
and was relatively more effective in drier soils. 
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Figure 2 Mean emergence percentage (open symbols, left-hand axis) of pearl millet seedlings 
from nonprimed seeds and the percent increase (filled symbols, right-hand axis) due to priming 
seeds in water for 8 h, in relation to increasing distance from an irrigation sprinkler line used 
to wet soil prior to sowing. Volume moisture content (% VMC) at sowing is shown for 3 
distances from the line source. Data are means of eight open-pollinated varieties sown in the 
field in Fatehpur, Rajasthan, India in 1996. Data are from Harris, D. and Bidinger, F. R. 
(unpublished). 


6. Cotton 


Murungu et al. (2004a) tested priming of cotton seeds in on-station trials 
over 2 years at Save Valley Research Station, Zimbabwe, and in contrast to 
Murungu et al. (2003), reported that final emergence was reduced by priming 
in both the 1999-2000 and 2000-2001 seasons. Priming reduced final yield 
(p < 0.05) slightly, by 7%, in 1999-2000 and increased it (p < 0.1) by about 
5% in 2000-2001, although both crops were thinned to a target population 
so it is not possible to disaggregate the effect of population density from 
other possible effects of priming. 


7. Mungbean 


Priming mungbean for 8 h was tested in 15 irrigated on-station trials and 
four sets of rainfed, paired plot, farmer-participatory trials over four con- 
trasting years from 1999 to 2002 in the North West Frontier Province 
(NWFP) of Pakistan (Rashid et al., 2004b). Of the 19 trials, priming was 
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significantly better than nonpriming in 14 trials with a mean yield increase of 
56%. In the remaining six trials there was no significant difference between 
treatments, but in no case was priming worse than not priming. Components 
of yield were measured in 11 of the trials. Priming sometimes increased 
slightly the number of plants m”, but in most cases, yield benefits were 
associated with better individual plant performance. Priming significantly 
increased pod length, number of pods per plant, and number of grains per 
pod. Total dry matter, shoot mass, and grain mass were all significantly 
increased by priming, although harvest index was not significantly affected, 
which suggests that overall growth was stimulated rather than just improved 
partitioning to reproductive structures. 


8. Finger Millet 


Priming seeds of six cultivars of finger millet with water for 8 h resulted in 
taller, earlier-maturing plants that produced more yield than plants from 
nonprimed seed in 2000 and 2001 (Kumar et al., 2002). In 2000, priming 
significantly (p < 0.05) reduced both the mean time to 50% flowering and the 
mean time to maturity by about 6 days, increased mean plant height by 9 cm, 
and resulted in 17% extra grain. Priming increased grain yield significantly 
by 11% in 2001 although one variety (KARRA-1) failed to respond to 
priming. 


9. Lentil 


Neupane (2001) tested the effect of priming lentil seeds on growth and 
yield in two trials in Nepalgunj, Nepal in 1998-1999 and 1999-2000. Soaking 
seeds for 12 h, followed by drying in the shade for 2 h, was the best 
combination and it significantly (p < 0.05) reduced the number of days for 
50% emergence from 9.5 to 8.2 days in 1998-1999 and from 9.3 to 7.4 days in 
1999-2000. Although stand density was increased, on average, by about 
16%, the effect was not statistically significant. Grain yield was significantly 
(p < 0.05) increased by 31% in 1998-1999 and by 37% in 1999-2000. 


D. On-Farm STUDIES 


Chivasa et al. (1998) reported that farmers in semiarid Zimbabwe were 
well aware of the benefits of sowing seeds that had been soaked in water 
beforehand. The practice was particularly prevalent when gaps in poorly 
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established maize stands needed to be filled. Farmers knew that primed seeds 
germinated faster, and seedlings grew more rapidly than those established 
using nonprimed seed, thus helping plants in gaps to “catch up” with the rest 
of the crop. Farmers in marginal areas of western India also reported 
widespread knowledge of the practice of soaking chickpea seeds in water 
before sowing (Harris et al., 1999). Hobbs et al. (1996) reported that farmers 
in the Terai of Nepal use a practice called /ewa in which they soak rice seeds 
in water for 24 h before sowing into nurseries for subsequent transplanting. 
If sowing is postponed for any reason the primed seeds are dried in the shade 
for 1 day and then in the sun for another day. Treated in this fashion, seed 
can retain its viability for up to 1 month. 


1. Wheat 


Harris et al. (2001b) summarized data from 275 on-farm trials 
across South Asia from the lowland Terai region of Nepal, through Bihar, 
West Bengal, and Gujarat in India to the NWFP of Pakistan. All were 
simple, paired-plot trials, comparing nonprimed seed with seed primed “‘over- 
night” in water, and implemented by farmers on their own land using their 
own levels of management. Yields varied widely, from around 1.2-1.4 t ha! 
in Bihar and West Bengal in India and in Pakistan to about 2.3 t ha! in 
Nepal and about 4.2 t ha! in Gujarat. Priming increased grain yield at 
all sites and the extra grain production, averaged over all sites, was about 
270 kg ha! (range 152-505 kg ha~'). Percentage increases varied from 5% 
in Gujarat to 36% in the marginal, slightly saline area in Pakistan and were 
inversely proportional to the yield potential of the site but the absolute 
increases remained more constant. Woodruff (1973) tested priming and 
redrying wheat in Australia and concluded that effects were unlikely at 
yield levels above 2 t ha” '. Harris et al. (2001b) speculated that seed priming 
might be compensating to some extent for low levels of management or for 
harsh environmental conditions that would otherwise limit yield. They con- 
cluded that “on-farm” seed priming was effective for wheat grown across 
a wide range of environments and gains were achieved at little or no cost 
to farmers. Feedback from farmers in Gujarat during participatory evalua- 
tion of the trials showed high rates of acceptance and adoption of seed 
priming. 

In Pakistan, three series of on-farm trials implemented by 31 farmers 
over 3 years showed mean yield benefits due to priming for 16-18 h of 
40%, 57%, and 20% (Harris et al., 2004a). In contrast, also in Pakistan, 
two sets of participatory trials involving 13 farmers at Gundheri and 
10 farmers at Mardan showed no significant response to priming (Rashid 
et al., 2002). 
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2. Upland (Direct-Seeded) Rice 


Three hundred and fifty-one farmers tested on-farm priming of upland 
rice using simple, paired-plot trials in western India between 1995 and 1998 
(Harris et al., 1999, 2001a). Direct measurements of yield were not made by 
researchers but detailed feedback from farmers was recorded and quantified 
during field days, farm walks, semistructured focus group discussions, and 
matrix ranking exercises (CARE, 1989; King, 2000). Farmers reported 
that both cereals, maize and rice, grown during the kharif (rainy season) 
had responded positively, and in a similar fashion, to priming overnight 
(farmers had ignored suggestions to soak seeds of both these crops for 
longer). The consensus view of farmers was that primed rice emerged earlier, 
by 1-3 days, and resulted in better and more uniform crop stands. Resowing, 
which carries a financial penalty and reduces yields because of the delay 
involved, was less common when crops were primed. Primed seedlings grew 
faster and more vigorously and sometimes flowered earlier. Uniform, vigor- 
ous stands competed better with weeds, and some farmers reported that 
less weeding was required. Some farmers, encouraged by the early growth, 
used fertilizer that they would not otherwise risk doing. Most farmers 
reported earlier maturity, sometimes up to 10 days, of primed crops and 
estimated higher yields. Ninety-five percent of a subsample of 56 farmers 
interviewed in 1996 indicated that they would prime their seeds the following 
year. Some farmers reported that primed seed, in contrast to nonprimed or 
pregerminated seed, sank immediately when sown into fields with free- 
standing water. Saikia et al. (1989) have noted that floating seeds can often 
drift or be blown by the wind before sinking and can result in clumping of 
seedlings and, ultimately, reduced yield. 

Farmers in this area of western India try to grow a second crop in the rabi 
(postrainy season) after rice and the earlier harvest of rice, made possible by 
priming, was particularly appreciated because the second crop (e.g., wheat, 
chickpea, maize) could be sown earlier (Harris et al., 2001a). Yields of rabi 
crops generally decline as sowing is delayed. For instance, yields of wheat in 
northern India are reduced by about 0.8% day ' (about 100 kg ha’) for 
every day’s delay in sowing after mid-November (Ortiz-Monasterio et al., 
1994). Witcombe and Harris (1997) have discussed the potential to exploit 
genetic- and priming-induced earliness to maximize total system productivity. 
Earlier harvest of rabi crops, apart from the yield advantages, has other 
benefits in that it allows earlier seasonal migration (and thus improved 
earning opportunities) from these marginal areas (Harris et al., 2001a). 

Overnight priming of seeds of cv. Kalinga III increased yield in all seven 
paired-plot trials implemented by farmers in Gujarat, India, with a mean 
increase of 23% (Harris et al., 2001a). Farmers’ opinions on seed priming 
agreed with those reported by Harris et al. (1999), that is, primed crops 
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emerged faster and more completely, produced more vigorous seedlings, 
flowered and matured earlier, and gave higher yields. 

Upland rice is an important crop for resource-poor farmers in West 
Africa (WARDA, 2005), where the major constraints are drought and 
weed infestation (Adesina et al., 1994). In Cameroon in 2000, 52 farmers 
primed rice seeds in water for 24 h then dried them for a further 24 h before 
sowing (WARDA, 2002, pp. 11-14). Comparisons with nonprimed crops 
were made during farm walks and open-ended discussions. Farmers reported 
that priming led to faster, better, more uniform establishment, more tillers, 
earlier flowering and maturity, and higher (average increase around 40%) 
grain yield. They also reported that primed crops tolerated dry spells better. 
Some farmers volunteered that, based on the evidence from their trials, they 
had primed their own rice and had also tried it successfully with maize and 
soybean. Fifteen farmers in the Gambia tested seed priming and reported 
earlier emergence, by about 2 days, but there were no yield differences 
associated with priming (WARDA, 2002, pp. 19-20). 

Priming rice seeds for 12 h was tested in Ghana in 2000 by 30 farmers in 
Fjisu-Juabeng district (forest zone) and 20 farmers in the Ejura-Sekyeredumase 
district (forest-transition zone) (WARDA, 2002, pp. 21-29). Based on the on- 
farm trials, farmers reported a similar range of benefits to those reported from 
Cameroon (WARDA, 2002, pp. 11-14), including the perception that primed 
crops had greater tolerance to drought, and to (unspecified) pests and dis- 
eases. Mean yield increases due to priming for 12 h were 31% in Ejisu-Juabeng 
and 40% in Ejura-Sekyeredumase. Most farmers in Ejura-Sekyeredumase 
experienced some difficulties in sowing primed seed because they neglected 
to surface dry it before sowing, but this was easily remedied. There was 
spontaneous adoption of priming by farmers for their own, nontrial, crops 
where these had not already been sown and most intended to prime their rice 
seeds the following year. 

One hundred farmers in Sierra Leone tested the priming response 
of two rice varieties (ROK 3 and a popular ‘“‘local’’) in two locations 
(Lokomassama and Newton). Farmers’ opinions concerning priming for 
12 h were canvassed during 10 field days in 2000 (WARDA, 2002, 
pp. 52-56), and they reported benefits, including faster, more uniform 
emergence, more vigorous early growth, better competition with weeds, 
earlier maturity, and higher yields. Priming increased grain yield of ROK 3 
by 42% and the local variety by 38% at Lokomassama and by 37% and 33%, 
respectively, at Newton. 

Harris (2003) summarized results from 1937 farmers’ trials of priming 
upland rice seeds in five West African countries between 1999 and 2002, 
including those trials reported in WARDA (2002). The mean yield increase 
due to priming in 657 trials in Ghana was 57% and in Nigeria from 440 trials 
it was 77%. In Cameroon, 421 farmers harvested, on average, 39% more rice 
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in primed plots and there were mean increases of 33% from 274 trials in 
Sierra Leone and 16% from 145 trials in The Gambia. Priming was parti- 
cularly effective when there was drought, for example, in Ghana in 2001 the 
mean grain yield in nonprimed plots was only 0.53 t ha~' whereas primed 
crops yielded 1.0 t ha~’. In 20 of the 132 trials only the primed crop gave any 
yield. Only 8 trials of the 132 gave no benefit from priming, that is, a success 
rate of 94%, and there was widespread acceptance of priming among farmers 
who had tried it. 


3. Maize 


Fifty-three farmers tested maize-seed priming in the kharif (rainy) season 
in 1996, and 44 farmers tested it as a rabi (postrainy) season crop in 1996- 
1997 in tribal areas of Rajasthan, Gujarat, and Madhya Pradesh, India 
(Harris et al., 1999). Farmers reported in pre- and postharvest focus group 
discussions that primed crops emerged 2-3 days earlier than nonprimed ones 
and resulted in better, more uniform stands (e.g., 95% vs 60% and 95-98% vs 
70-75% were quoted) in both kharif and rabi seasons. Seventy-five percent of 
respondents in the kharif and 46% in the rabi initially encountered difficulties 
in sowing the (slightly swollen) primed seed because it got stuck in the tube 
(pora) that they used to direct seed into the furrow behind the plough. This 
was quickly remedied, however, by regulating more carefully the flow of seed 
into the pora. The local practice of mixing seeds with small amounts of 
granular diammonium phosphate was accommodated successfully by ensur- 
ing that the surface of primed seeds was dried thoroughly before mixing. 
Almost all farmers thought that primed crops grew more vigorously (and 
better competition with weeds was mentioned but not quantified), flowered 
and matured earlier, and produced bigger cobs and higher yield. Indepen- 
dent measurements on a subset of 35 trials showed a mean increase in cob 
weight of 6% (Harris et al., 2001a). Farmers in the kharif were equivocal 
about whether primed crops tolerated dry spells better but 89% were of that 
opinion in the (drier) rabi season. Almost 100% of farmers intended to 
continue priming in the future. 

A similar, participatory exercise with 51 farmers in four villages in semi- 
arid Zimbabwe also concluded that maize primed for 12 h emerged faster 
and more completely, but farmers were less emphatic about primed crops 
resisting dry spells or competing more effectively with weeds. The exercise 
was limited somewhat as only a few of the trials flowered and produced cobs 
in what was an extremely dry season, but it was generally held that primed 
crops flowered and produced cobs earlier (Harris et al., 2001a). Harris et al. 
(2002a) reported results from a study in farmers’ fields in Mushagashe and 
Zimutu in Zimbabwe where 38% of respondents indicated that they already 
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primed maize seeds, although generally for gap-filling rather than for initial 
sowings, a situation similar to that reported by Chivasa et al. (1998). Priming 
increased grain yield by an average of 14% consistently in three varieties 
grown in two contrasting years. Farmers noted earlier and more complete 
emergence and thus less gap-filling was required, which saved time and 
money. They also suggested that primed crops competed better with 
weeds. This could not be confirmed in on-station experiments to test this 
issue, although priming did increase plant height during the seedling stage, a 
characteristic sometimes associated with more competitive plants. Jasi et al. 
(2000) calculated the economics of priming and concluded that, primarily 
because of its low cost, there were net benefits. 


4. Sorghum 


Forty farmers primed sorghum seed in Musikavanhu communal area in 
Zimbabwe during the 1997-1998 season (Harris et al., 2001a). Although 
more than half misunderstood the need to surface-dry the wet seed and 
reported difficulties in handling it, most farmers agreed that priming accel- 
erated emergence and plants flowered and matured earlier relative to non- 
primed crops. In contrast, most farmers did not think that primed crops 
withstood drought spells better or smothered weeds to any great extent. 
Ninety-seven percent of participants intended to prime sorghum the follow- 
ing year. In 1998-1999, 171 farmers in the same area tested priming and 
described a similar range of benefits to the previous year (Harris, unpub- 
lished data). Yields, as measured by the farmers, were reported to be an 
average of 27% higher in primed plots but this could not be confirmed by 
independent measurement. 


5. Chickpea 


One hundred and one farmers in 17 villages in Rajasthan, Gujarat, 
and Madhya Pradesh states in India tested priming in chickpea during 
the 1995-1996 and 1996-1997 rabi seasons. Despite some initial difficulties 
in sowing seed primed for 8 h, almost all farmers reported earlier emergence 
(by 2-3 days) and better, more uniform stands that withstood drought 
better than nonprimed crops (Harris et al., 1999). Priming accelerated flow- 
ering (by 7-10 days) and the formation of pods. Crops matured earlier, 
by about 7-10 days with as much as 15 days reported in one case, and yields 
were higher. Independent corroboration by researchers of 10 trials in Bar, 
Gujarat and 8 trials in Bihar village, Madhya Pradesh showed mean 
advances in maturity of 7.6 and 6.7 days, respectively, while yield increases 
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due to priming were 45% in Bar and 15% in Bihar village. Earliness is valued 
in this area because of the prevalence of end-of-season drought that is 
particularly severe for rabi crops that often rely on residual moisture in the 
soil after the harvest of kharif crops (Joshi and Witcombe, 1996). 

Musa et al. (2001) facilitated farmers in the High Barind Tract (HBT) of 
Bangladesh to test the effects of priming chickpea seeds sown after the 
harvest of aman (rainy season) rice. Rainfall averages 1285-1400 mm per 
year in this region but is concentrated during a single rainy season, supple- 
mentary irrigation is scarce, a second crop, such as chickpea, is difficult to 
establish properly (Mazid et al., 1998) and yields are low (Rahman et al., 
1995). In 30 trials in the 1998-1999 season, priming chickpea seeds for 8 h 
increased yield significantly (p < 0.05) by 47% while, in a randomly-chosen 
subset of 35 of the 99 trials completed in 1999-2000, yields were significantly 
increased (p < 0.05) by 20%. Farmers reported a significant (p < 0.001) mean 
increase of 22% from the remaining 64 trials (Musa et al., 2001). Yield also 
increased significantly (p < 0.01) by a mean of 17% in 15 researcher-managed 
demonstration trials using a different variety. Detailed measurements of 
emergence, growth, and yield components in both years showed that, aver- 
aged over the two strongly contrasting seasons, emergence, early growth, and 
plant stand at harvest were increased by about 21%, height at harvest by 10%, 
the number of pods m” by 25%, 1000-grain mass by about 5%, stover yield 
by 21%, and grain yield by 33%. Root nodules per plant were counted in 
1999-2000 and primed plants had 48% more nodules (p < 0.001) than did 
nonprimed plants. Using data from all 144 trials, Musa et al. (2001) calculated 
the probability of farmers achieving a given yield with, and without, priming. 
For target yields above 0.5 t ha! priming increased the probability of success 
by 18% (for 0.75 t ha~!), 18% (for 1 t ha~'), 74% (for 1.5 t ha~!), and 240% 
(for 2 t ha_'). Musa (2000) noted that priming chickpea was already being 
widely adopted in the Barind, a conclusion supported by Saha (2002). Kumar 
Rao et al. (2004, 2005) have summarized the role of seed priming in the 
successful promotion of rainfed rabi cropping with farmers in remote areas 
of eastern India and Nepal. 


6. Mungbean 


Farmers’ yields of mungbean were proportional to rainfall over four 
contrasting years in Pakistan (Rashid et al., 2004b), and primed seed out- 
performed nonprimed seed in 34 out of 39 trials. Overall 4-year mean yield 
advantage due to priming was 33%, and there was no correlation between 
yield advantage and rainfall. Stand density in the 20 farmers’ trials in 2002 
was 37 plants m” in the nonprimed crops and 43 plants m” in the primed 
plots, an 18% increase (p < 0.01). Benefits from priming were the result of a 
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combination of faster germination and emergence and more vigorous 
growth and development, leading to better crop stands and bigger, more 
productive plants. 


E. Appep Vaue: IMPROVED Crore NUTRITION 
1. Macronutrients 


a. Nitrogen. Al-Mudaris and Jutzi (1999) primed sorghum and pearl 
millet seeds for 3 days at 25°C with a range of aerated solutions made up by 
dissolving commonly available fertilizers in water, followed by drying for 
6 h. Although some solutions significantly increased rate of germination and 
final germination percentage relative to a control primed for 1 day in water, 
there were no treatment effects on seedling growth parameters measured 
15 DAS and 60 DAS. Unfortunately, no nonprimed control was included 
and the soaking duration for the primed control was much longer than that 
reported as appropriate for sorghum by Harris (1991, 1996) and Chivasa 
et al. (2000) or for pearl millet by Harris and Mottram (2005). 

Harris et al. (2001a) have reported that farmers have observed differences 
between primed and nonprimed crops in the color of the foliage, with the 
former sometimes having darker green canopies. This suggests that primed 
crops are taking up more nitrogen from the soil, perhaps as a consequence of 
more rapid early growth as noted by Dayanand et al. (1977) and Bhati and 
Rathore (1986) for wheat, particularly in relation to the changing availability 
of N in the seedbed around the time of sowing (Birch, 1960). Figure 3 shows 
the results from a trial in the Punjab, India, in which the response to added 
nitrogen fertilizer of wheat crops from primed- and nonprimed seeds was 
compared. Grain yield from primed crops was significantly greater than that 
from nonprimed crops at all four levels of added N. In practical terms, this 
offers the possibility of considerable savings on fertilizer costs since the same 
yield could be obtained from, for example, applying 50 kg ha™! N and 
priming the seeds, as using 75 kg ha~' without priming. Priming the seeds 
was the equivalent of saving 25 kg ha! N at application rates of 50, 75, and 
100 kg N ha’. This improved nitrogen use efficiency is probably due to 
better uptake of N. 

Harris et al. (2005a) reported that Rhizobium could be effectively added to 
the water used for priming chickpea seed—a finding also confirmed by 
Johansen (2004). Rupela et al. (1994) noted that resource-poor farmers are 
often reluctant to follow the recommended practice for applying Rhizobium 
inoculum, yet are happy to adopt on-farm seed priming (Saha, 2002). Thus, 
there is an opportunity to promote the application of Rhizobium through 
seed priming. 
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Figure 3 Grain yield of primed- and nonprimed wheat at four levels of applied nitrogen in 
Punjab, India. Data from Harris, D., and Malhi, S. S. (unpublished). 


b. Phosphorus. Some authors have used priming with dilute phos- 
phate solutions to promote uptake of P in wheat. For instance, Mujumdar 
and Somawanshi (1979) soaked seeds for 12 h in water or in various con- 
centrations of KH PO; or NaH»POg, but it is not recorded if seeds were- 
subsequently dried. Phosphorus content of primed seeds increased as the 
concentration of the soaking solution increased, but priming with NaH,PO, 
depressed seed potassium content. Priming with water alone increased seed- 
ling dry matter significantly (p < 0.05) relative to the nonprimed control at 
7 DAS, 11 DAS, and 17 DAS, but P-content was only significantly increased 
at 7 DAS. In contrast, priming with 500 ppm P and 1000 ppm P delivered as 
KH>,PO, increased dry matter and P-content at all three dates over and 
above the increase associated with water-priming alone. However, there 
were no differences due to treatment in P-concentration of the shoots, 
implying that enhanced uptake was a consequence of faster growth and 
larger plants, consistent with the conclusions of DeMarco (1990). Singh 
and Chatterjee (1981) used Na2zHPO, (358 ppm for 6 h) to increase grain 
yield, relative to nonprimed seeds, by 19%, 29%, and 30% in trials in three 
consecutive years. However, averaged over the 3 years, this represents only 
an additional 8% advantage over that obtained from priming with water 
alone for 24 h. 

Zhang et al. (1990) primed barley seeds for 24 h with 25.8 cM 17! 
phosphorus as NaH PO; and recorded significant increases in seedling 
growth, particularly in seeds originally low in P. Seeds with high P-content 
took up less P and did not respond as well. The imbibed P was used by 
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seedlings as early as 3 DAS (Zhang et al., 1998). Ajouri et al. (2004) showed 
that priming barley seeds for 12 h followed by redrying to 12% moisture 
content increased germination relative to nonprimed seeds from 65% to 95% 
and advanced germination by up to 3 days. The addition of 10 mM zinc (as 
ZnSO,) and 50 mM phosphate (as KH»PO,) increased the P and Zn content 
of seeds, promoted uptake of P and Zn by seedlings and increased their 
water use efficiency under drought stress. Data in Table IV show a similar 
response to priming with KH,PO, in maize, for which 1% w/v P is the 
optimum concentration and resulted in an advantage over and above that 
due to priming with water alone. 


2. Micronutrients 


a. Zinc. An FAO study (Sillanpa, 1982) on micronutrient status of the 
soils of Pakistan showed that about 62% of soils from Punjab, 100% from 
Sindh, and 7% from NWFP were deficient in Zn. Rashid (1996) considered 
zinc deficiency to be the third most serious crop nutrition problem in the 
country after N and P deficiency. Harris et al. (2005b) developed the priming 
technology that had been successfully demonstrated in Pakistan (Harris 
et al., 2001b; Rashid et al., 2002) to address the issue of zinc deficiency in 
wheat (Khattak and Parveen, 1986). Preliminary experiments with wheat 
had established that seeds could be primed safely with dilute solutions of 
ZnSO4 and that 0.4% w/v Zn was safe and effective. In eight on-station and 
on-farm trials between 2002 and 2004 crops from seeds primed for 10 h with 
0.4% Zn as ZnSO4 produced a mean increase in grain yield of 615 kg ha’ 
(21%) over crops from nonprimed seed. Data from two trials that included 
seed primed with water alone established that about half of this increase 
was due to zinc while half was due to the effect of priming with water. 








Table IV 
Effect of Priming Maize (cv. Kissan-90) with Water and Phosphate as KH,PO,4 
Treatment 
Not Primed Primed Primed 
Variable primed H,0 1% w/v P 2%P. Sig. LSD (0.05) 
Fresh shoot 1.834 2.04%? 2.45¢ QT m 0.30 
mass (g p17» 
Dry shoot 186° 208%? 242° 2140 * 36 
mass (mg p17») 
Plant height (cm) 27.64 29,5%} 31.0? 28.9%} 7 2.4 


Data are from Rashid, A. and Harris, D. (unpublished). Variables were measured 14 DAS. 
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Benefit:cost ratio for soil application (calculated using data from two addi- 
tional trials) was only 8, whereas for priming seeds with 0.4% zinc it was 
about 360 or about 160 for the response to zinc alone. 

In alkaline soils in Pakistan, Harris et al. (2005b) found that the safe, 
optimum concentration for priming chickpea seeds with zinc (as ZnSO,) was 
0.05% Zn, much less than the optimum dose (0.4% zinc) for wheat. In nine 
trials sown in 2002 and 2003, this treatment increased grain yield of chickpea 
from 1050 to 1552 kg ha~' in comparison with nonprimed seed. Yield 
increases in individual trials ranged from 10 to 122%, with a mean of 48%. 
Data from two trials that included seed primed with water alone established 
that about half of this increase was due to zinc, while half was due to the 
effect of priming with water. Benefit: cost ratio for priming chickpea with 
0.05% Zn was 1500 or about 750 for the response to the zinc alone. 


b. Molybdenum. Johansen et al. (2005) established that lack of molyb- 
denum was limiting chickpea yields in many parts of the HBT of Bangladesh 
and that adding sodium molybdate to the soil increased grain yield by 73% 
in 2001-2002 and by 173%, 61%, and 58% at 3 sites in 2002-2003. However, 
no compound fertilizers containing Mo are available in Bangladesh, and it is 
impractical to evenly broadcast the small amount of Mo required (<500 g 
Mo ha '). Johnson (2004) showed that it was possible to use seed priming to 
increase safely the micronutrient content of chickpea seeds, including Mo 
and Zn. In a pot study using a moderately acidic soil of pH 6.1, priming for 
8 h with 0.5 g 1-1 sodium molybdate solution increased chickpea grain yield 
by 27% in comparison with Mo applied to the soil (Kumar Rao et al., 2004). 
Priming also increased the Mo concentration of shoots from 0.21 to 6.94 
ppm, roots from 0.4 to 12.92 ppm, and grain from 3.22 to 5.6 ppm. 

Johansen et al. (2005) compared the effects of adding either Mo alone 
(0.5 g 17") or Mo with Rhizobium to the priming water with application of 
Mo to the soil surface. In three trials at three sites in the 2003-2004 season in 
Bangladesh, adding Mo alone to the priming water did not significantly 
improve yield over the control (seed primed with water alone but no Mo 
added to the soil), although adding both Mo and Rhizobium during priming 
increased mean grain yield by 51%, similar to the extra 55% grain obtained 
when Mo was applied directly to the soil. 

Rice fallows—lands left fallow after harvesting rainfed rice—are wide- 
spread throughout South Asia with 2.1 M ha of rice fallows in Bangladesh, 
0.4 M ha in Nepal, and 11.6 M ha in India (Subbarao et al., 2001). The 
simple technologies developed to facilitate double cropping using chickpea 
in the Barind area of Bangladesh (Musa et al., 2001) were tested in five States 
in eastern India where rice fallows are common. Johansen et al. (2005) tested 
the response of chickpea to Mo, either applied through priming or broadcast 
on the soil surface, and with inoculation of Rhizobium through priming, 
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in on-farm trials conducted on rice fallow lands with acid soils in eastern 
India in 2003-2004. In 29 trials (spread over Orissa, Chattisgarh, eastern 
Madhya Pradesh, Jharkhand, and West Bengal states) with chickpea cv. 
ICCV 2, the mean yield increase over a control without Mo (mean yield 0.87 
t ha~') was 22% when Mo was applied through seed priming water, and 20% 
when Mo was applied to soil. In 19 trials with chickpea cv. KAK 2, the mean 
yield increase over a control without Mo (mean yield 0.78 t ha~') was 17% 
when Mo was applied through seed priming water and 25% when Mo was 
applied to soil. The amount of Mo used when applied during seed priming is 
much less, and more easily applied, than Mo added to the soil. 

Khanal et al. (2005) in Nepal reported that adding 0.5 g 17! sodium 
molybdate to the priming water for chickpea significantly (p < 0.01) 
increased the number of nodules per plant from 28 to 37 (32%) and the 
grain yield from 0.45 t ha! to 0.54 t ha”! (20%). 


F. Appep Va.ue: INCREASED PEsT AND DisEAsE RESISTANCE 


There have been several reports from the field that primed crops suffer 
less from disease. Damage to chickpea plants in Bangladesh, due to soil- 
borne diseases mainly caused by collar rot (Sclerotium rolfsii) and Fusarium 
wilt, was significantly (p < 0.001) reduced by priming seeds overnight, by 
45% in 1998-1999 and by 30% in 1999-2000 (Musa et al., 2001). Harris et al. 
(1999) reported Indian farmers’ comments that primed chickpea suffered less 
damage from pod borers, but the authors were unable to confirm this effect 
in India; pod borer damage on chickpea in Bangladesh was much reduced in 
primed crops, but the apparent difference was not statistically significant 
(Musa et al., 2001). 

In a trial in Pakistan in 2002, Rashid et al. (2004a) reported that priming 
seeds of mungbean cv. NM 92 for 8 h in water resulted in a significant 
(p < 0.01) fivefold increase in grain yield relative to a nonprimed crop. This 
was associated with a large difference in the severity of symptoms of mung- 
bean yellow mosaic virus (MYMV) assessed using a visual scoring index. 
More than 70% of the nonprimed plants had severe or lethal symptoms 
whereas only 14% of the primed plants were similarly affected. Only 9% of 
nonprimed plants showed no disease symptoms in contrast to 32% of primed 
plants. However, it was not possible to determine which of several possible 
mechanisms were responsible for this large effect. Rashid et al. (2004b) also 
observed similar differences in MYMYV infection in other mungbean priming 
trials. 

Downy mildew disease, caused by the obligate biotroph Sclerospora 
graminicola (Sacc.) Schroet. is a major constraint to pearl millet yields 
(Jeger et al., 1998; Singh et al., 1993). A standard varietal screening method 
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(Jones et al., 1995) was used to investigate the effect of seed priming on the 
disease resistance of pearl millet. Priming seeds in water for 8 h before 
sowing significantly reduced the incidence of downy mildew disease in seed- 
lings of a highly susceptible cultivar from about 80% to less than 60% 
(Harris et al., 2005a). Although the screen would not allow plants to be 
assessed at later stages of growth, there is a high degree of correlation 
between performance of cultivars in the screen and their resistance to 
downy mildew in the field (Jones et al., 2002). 

Many authors, for example, Sticher et al. (1997) and Métraux (2001) have 
reported instances of the phenomenon known as systemic acquired resis- 
tance (SAR) or induced systemic resistance (ISR) (van Loon et al., 1998) ina 
range of crops. SAR is a systemic enhancement of plant resistance to disease 
following a localized challenge by an elicitor which can be a microorganism, 
a chemical or even a physical stress. It is possible that the anaerobic stress 
(Blokhina et al., 2003) associated with “on-farm” seed priming might induce 
SAR and thus explain the results of Harris et al. (2005a). 


V. CONCLUSIONS 


It is difficult to overemphasize the importance of rapid seedling emergence 
in marginal tropical environments. The promotion of rapid emergence, by 
whatever means, increases the probability of achieving good crop stands. 
Harris (1996) showed that delayed emergence can reduce subsequent relative 
growth rate of seedlings and, in general, healthy plants with well-developed 
root systems could withstand adverse conditions better than plants whose 
development and early growth have been interrupted at an early stage. 
Austin (1989) and Carter et al. (1992) reported that once a crop is established 
vigorous early growth is often associated with better yields. For pearl millet, 
Mohamed (1984) reported a good correlation between rate of germination 
and rate of canopy formation among genotypes, although he did not find a 
similar relation among groundnut genotypes. 

In contrast, delayed emergence exposes seedlings to greater risk of dam- 
age due to high temperature, infection by soil-borne diseases, declining 
soil moisture, and physical impedance by hardening soils and the formation 
of soil crusts. Most studies reviewed here have shown that fast emergence is 
promoted by soaking seeds in water before sowing. This may (Al-Soqueer, 
2004; Bhati and Rathore, 1986; Chivasa et al., 2000) or may not (Neupane, 
2001) result in differences in final emergence, but there are few examples 
where priming reduced emergence (Murungu et al., 2004a, for cotton). Yield 
increases due to priming are not always only due to increased stand density 
(Murungu et al., 2004b) but may be a combination of population density 
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and improved individual plant performance as reported by Musa et al. 
(2001) for chickpea, Harris et al. (2002a) and WARDA (2002, pp. 21-29) 
for rice, Rashid et al. (2004b) for mungbean, and Al-Soqueer (2004) for 
sorghum. 

In almost all cases, whenever priming resulted in rapid emergence, it also 
promoted seedling vigor, and resulted in increased yield. Yields of primed 
crops were almost never lower than those of nonprimed crops. 

Most published work on seed priming involves drying seed to its original 
water content. Studies in controlled environments (Al-Soqueer, 2004) that 
have contrasted dried with nondried seed show that nondried seeds have a 
clear advantage. However, it seems likely that few seeds primed by farmers 
are sown immediately and thus many of the results of studies with dried 
seeds may have relevance to the real world. In the case of maize, Finch- 
Savage et al. (2004) even recommend aeration (difficult to achieve in the 
field) or a drying delay of 1-2 h to allow full expression of the priming effect 
in hot, wet conditions. 

Resource-poor farmers were enthusiastic about priming, not just because 
of the reduced risk of failure (Harris, 2003; Musa et al., 2001) and increased 
yield but also because primed crops flowered and matured earlier (Harris 
et al., 1999, 2001a; WARDA, 2002) allowing more flexibility in their liveli- 
hood strategies, for example, facilitating earlier sowing of following crops or 
earlier migration to find off-farm work. 

Higher yields from primed crops have, in a few cases, been associated 
with measured reductions in damage from pests and diseases (Musa et al., 
2001; Rashid et al., 2004a), and it may be that increased disease resistance 
due to priming may contribute often to better crop performance undetected 
where disease pressure is relatively low and few symptoms are apparent. 
Certainly the im vitro work (Harris et al., 2005a) suggests that may be the 
case and is likely to be a fruitful field of study in the future. 

Small amounts of water are always available, even in the remotest areas, 
to prime crops and priming can, per se, improve nutrient use efficiency 
(Fig. 3). Although it is technically possible, and highly cost effective, for 
resource-poor farmers to use priming to supply some nutrients when they are 
limiting production (Harris et al., 2005b; Johansen et al., 2005), opportu- 
nities for them to do so will depend on improving access to less common 
materials such as zinc sulfate or sodium molybdate. This is where crop 
science meets community development and Kumar Rao et al. (2005) have 
summarized work with development-oriented NGOs in eastern India to 
empower farmer groups to bulk buy and distribute such materials. 

Many of the major crops grown in tropical areas of developing countries 
can benefit substantially from “on-farm” seed priming. It is a low-cost, low- 
risk technology, is good insurance, and is readily adopted by farmers, once 
they have tested it for themselves. The farmer-participatory trials reviewed 
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here have been critical in fine-tuning priming and promoting its adoption 
by resource-poor, risk-averse farmers. It is, in fact, particularly appropriate 
for small-scale farmers because priming is easier to accomplish with the 
relatively small amounts of seed they sow. 
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This chapter summarizes research that improves our understanding of 
metal-adsorption reactions involving bacterial cell walls. The chapter covers 
two general types of investigations: (1) those that aim to improve our 
molecular-scale understanding of metal adsorption onto bacteria, thereby 
improving the accuracy of thermodynamic bacterial adsorption models 
and (2) those that aim to improve our ability to apply thermodynamic 
models of metal-bacterial adsorption to complex realistic settings. The first 
type of research involves a range of experimental approaches, and the most 
common approaches are described here. The second type of research results 
from the need to balance the flexibility that comes with chemical sophistica- 
tion in geochemical models with the practical impossibility of modeling the 
complexity of real systems at a molecular scale. Hybrid approaches that 
incorporate some degree of molecular-scale insight with testable simplifying 
assumptions are described and offer some hope for extrapolating our new- 
found molecular-scale understanding of metal—bacterial adsorption reactions 
to estimate mass transport in bacteria-bearing systems. The objective of this 
chapter is to describe both progress and remaining challenges in order to 
promote research that ultimately will yield accurate and flexible models of 
the effects of bacterial adsorption on metal distributions and speciation in 
natural geologic systems. © 2006, Elsevier Inc. 
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I. INTRODUCTION 


Bacteria are present in a wide range of low-temperature aqueous sys- 
tems, and adsorption of aqueous metal cations onto bacterial cell walls 
can influence the speciation and mobility of metals in the environment 
(Bencheikh-Latmani et al., 2003). Although the potential influence of bacte- 
rial adsorption of metals on geochemical processes has been realized for 
decades (Beveridge and Murray, 1976; Beveridge et al., 1983), quantitative 
models of the effects of bacterial adsorption on metal distributions in water- 
rock systems still do not exist. Two major obstacles must be overcome in 
order to include bacterial adsorption effects in geochemical models of mass 
transport: (1) the molecular-scale mechanisms of metal adsorption onto 
bacterial cell walls must be better characterized so that accurate adsorption 
reactions can be formulated, and stability constants for the important 
metal—bacterial surface complexes can be determined and (2) commonalities 
between the adsorption behavior of different bacterial species must be ascer- 
tained. Although some constraints have been placed on bacterial adsorption 
mechanisms, the complexity of the cell wall and its associated structures 
make the task especially challenging. Because we know so little about 
adsorption mechanisms even for the relatively few species of bacteria that 
have been studied, it is not yet clear if adsorption mechanisms differ from 
species to species. The number of bacterial species of environmental and 
geologic interest is huge and undetermined, and if each species exhibits 
unique adsorption behavior, then it would be a nearly impossible task to 
develop quantitative models of bacterial adsorption in realistic systems. 

The purpose of this chapter is to summarize the research that addresses 
these two obstacles and describe the avenues of research that seem most 
promising for overcoming these obstacles. The research that has been aimed 
at providing a molecular-scale understanding of bacterial cell wall adsorp- 
tion includes studies from a wide range of experimental and modeling 
approaches. Each approach has strengths and limitations, and each ap- 
proach provides a different type of constraint on the adsorption mechanisms 
and on the thermodynamic properties of the cell-wall surface complexes. 
There are relatively few studies that have addressed the challenges involved 
in extrapolating mechanistic investigations involving single bacterial species 
to quantifying bacterial adsorption of metals in complex realistic settings. 
This chapter summarizes a body of work that suggests that adsorption onto 
a wide range of bacterial species can be successfully modeled using a single 
set of stability constants for proton and metal-binding reactions. The study 
of adsorption mechanisms and metal adsorption in realistic settings is cer- 
tainly far from complete, and this chapter is meant to assess our current state 
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of knowledge with the hope of inspiring research that will improve our 
understanding of these complex biogeochemical reactions even more. 

The studies that are reviewed here involved nonmetabolizing bacterial 
cells only. These investigations not only serve as a baseline for studies of 
adsorption onto actively metabolizing cells but they also mimic the passive 
nonmetabolic adsorption that likely dominates in oligotrophic subsurface 
conditions. High rates of bacterial metabolism can be induced in engineered 
systems through the introduction of high concentrations of electron donors, 
and similar conditions can be found in some geologic settings. However, 
in general bacteria exist in the subsurface under nutrient-poor conditions 
(Ehrlich, 1996), and in these settings, passive cell wall adsorption will be 
significantly more important than adsorption onto cell walls of actively 
metabolizing cells. 


Il. MECHANISTIC STUDIES OF CELL 
WALL ADSORPTION 


A. PARTITIONING RELATIONSHIPS VERSUS SURFACE 
CoMPLEXATION MODELING 


Metal adsorption onto bacterial surfaces has been studied extensively 
over the past 25 years. However, much of this previous work has been either 
qualitative or has quantified adsorption using a bulk-partitioning approach, 
making it impossible to estimate the effects of bacteria on mass transport 
under conditions different or more complex than those studied. Because of 
the complexities associated with natural systems, partitioning adsorption 
models are relatively simple to apply because they do not require a detailed 
understanding of the nature of the surfaces or adsorption mechanisms 
involved. That is, the extent of adsorption can be measured directly on a 
sample of material from the field, and a bulk partition coefficient can be 
determined, which describes the distribution of the species of interest 
between the bacterial surface and the other phase, or phases of interest. 
These are useful measurements, and they can be successful in describing 
adsorption/desorption processes for the site of interest. However, partition 
coefficients are applicable only to the conditions at which they were deter- 
mined. Because the dominant adsorption reaction can change as a function 
of changing conditions, partition coefficient values can vary significantly as a 
function of pH, ionic strength, mineralogy, type of bacterial surface, aque- 
ous solute speciation, and solute:surface area ratio (Bethke and Brady, 2000; 
Koretsky, 2000). 
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Over the past few years, experimental studies have demonstrated that 
surface complexation modeling can be used to account for metal adsorption 
onto bacterial surfaces (see Fein, 2000, for a review). This site-specific 
approach requires a thorough and comprehensive understanding of the cell 
wall-surface chemistry. Metal adsorption onto bacterial cell walls occurs 
because the cell walls contain a variety of organic functional groups, which 
display electrostatic and chemical affinities for positively charged metals. 
The most common organic functional groups present on the macromolecules 
present within bacterial cell walls are carboxyl, hydroxyl, and phosphoryl 
sites, with amino groups present to a lesser extent (Beveridge and Murray, 
1980). Electrophoretic mobility data indicate that, typically, cell walls are 
uncharged at low pH (below approximately pH 2 in most cases), but they 
become increasingly negatively charged at higher pH values (Ams et al., 
2004; Claessens et al., 2004; Fein et al., 2005; Harden and Harris, 1953). 
Surface complexation modeling ascribes the electronegativity of the cell wall 
to deprotonation reactions involving cell wall organic functional groups. 


R- ARB?’ & R- A +H” (1) 


where R represents the bacterial cell wall macromolecule to which each 
functional group type, A, is attached. Under this formalism, adsorption of 
aqueous metal cations (M”™) onto deprotonated surface sites on the cell wall 
is represented as: 


x(M"*) + y(R — A7!) © (R— A), (M) E] (2) 


where x and y represent the stoichiometric coefficients and must be deter- 
mined experimentally. Surface complexation modeling is so named because 
it explicitly accounts for the adsorbed metal as a “surface complex” or a 
distinct thermodynamic species with a fixed stoichiometry. The surface 
complex, like its cousin the aqueous complex, has a thermodynamic stability 
described by the equilibrium constant, K, which, for example, is here written 
for equilibrium (2): 


_[(R-A), DE" 7] 
E= lam R- AYP . 





where brackets represent concentration in terms of moles of sites per kg of 
solution, and a represents the thermodynamic activity of the subscripted 
species. 

Surface complexation models require a detailed understanding not only 
of the speciation of the aqueous species and surfaces involved but also of the 
adsorption/desorption mechanisms. A surface complexation model treats 
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the adsorbed metal as another species whose stability can be quantified with 
an equilibrium constant. By knowing the equilibrium constant values for 
each of the important equilibria in a system, the distribution of metals 
between various reservoirs (in solution, on mineral or bacterial surfaces) 
can be explicitly calculated. The equilibrium constants, which describe the 
extent of adsorption in surface complexation models, are invarient with 
respect to most of the parameters that affect partition coefficients. Therefore, 
the equilibrium constants determined in systems, which isolate specific 
adsorption reactions, can be combined in computational models of more 
complex systems. Modeling the effects of bacterial adsorption on mass 
transport in geologic settings using a surface complexation approach 
requires knowledge not only of the absolute concentrations of the dominant 
bacterial species but also a knowledge of the reaction stoichiometries and 
deprotonation and metal-binding constants for the functional group types 
on the bacterial cell walls. 


B. CONSTRAINTS ON BACTERIAL CELL 
Wa i-PROTONATION REACTIONS 


The choice of the most appropriate surface complexation model for cell 
wall adsorption is complicated by the complex chemical reactivity of bacte- 
rial surfaces. An aqueous organic acid, such as acetic acid, exhibits proton- 
buffering capacity over a relatively narrow pH range. This range is limited to 
the pH region in which significant concentrations of both the protonated 
and deprotonated species exist simultaneously, a pH range of 1-2 pH units 
to either side of the acidity constant for the acid. The organic acid functional 
groups on bacterial cell walls, however, exhibit an almost continuous buffer- 
ing capacity over a wide pH range from, typically, approximately pH 2-10. 
There is considerable uncertainty whether this protonation/deprotonation 
behavior is best explained due to three to four functional group types that 
exhibit discrete pK, values (Cox et al., 1999; Fein et al., 1997, 2005; Haas 
et al., 2001), or whether a smaller number of (one or two) functional groups 
with a distribution of pK, values are responsible (Martinez et al., 2002; Plette 
et al., 1995). A range of experimental approaches has been used to constrain 
the nature of the protonation reactions on bacterial cell walls. Each 
approach has strengths and limitations, yet an unambiguous understanding 
of cell wall-protonation behavior remains elusive. 

Similarly, there is considerable uncertainty concerning the best approach 
for accounting for the effects of the surface electric field associated with 
bacterial cell walls. Fein et al. (Daughney and Fein, 1998; Fein et al., 1997; 
Yee and Fein, 2001) have used an approach analogous to that applied to 
mineral surface electric fields, employing a constant capacitance model 
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(CCM) in conjunction with the Boltzmann equation (Stumm and Morgan, 
1996). Plette et al. (1995, 1996), Martinez et al. (2002), and Yee et al. (2004b) 
utilize Donnan models, which unlike the constant capacitance model, do not 
assume a planar charge at the bacterial surface but rather assume a uniformly 
distributed charge throughout the cell wall volume. A number of models are 
possible because there are few data that constrain the properties of the electric 
field associated with bacterial cells. One approach that appears to be 
promising for probing the nature and extent of electrostatic interactions 
with cell walls is atomic force microscopy (AFM) (Camesano and Logan, 
2000; Lower et al., 2000). For example, Camesano and Logan (2000) used 
AFM measurements to demonstrate that electrostatic repulsion forces 
between bacterial polymers and the AFM tip are larger and extend over 
longer distances (up to hundreds of nanometers) than predicted by DLVO 
theory, and that pH effects dominate over ionic strength effects. These types 
of measurements are crucial in order to formulate a theory that explains the 
effects exerted by bacterial cell wall-electric fields on the distribution and 
speciation of protons and metals on the cell wall. 

Most of the information on cell wall-protonation behavior has come 
from potentiometric titrations of suspensions of bacterial cells. In these 
experiments, the change in pH of a bacterial suspension is measured after 
additions of a known volume of acid or base. Essentially, these are proton- 
adsorption experiments that measure the concentration of free protons 
(solution pH) for a condition at which the total number of protons added 
to the system (the concentration of acid/base) is known. These measure- 
ments are powerful tools for determining unequivocally the total number of 
protons that adsorb onto bacterial cell walls. Although titration data yield 
rigorous constraints on total proton-active site concentrations on the cell 
wall, bacterial surface charge properties and mechanisms responsible for 
protonation behavior cannot be uniquely determined from potentiometric 
titrations alone (Fein et al., 2005). 

A growing number of potentiometric studies of the protonation of bacterial 
cell walls have been conducted (Cox et al., 1999; Daughney and Fein, 1998; 
Fein et al., 1997, 2005; Haas et al., 2001; Martinez et al., 2002; Ngwenya et al., 
2003; Plette et al., 1995; Sokolov et al., 2001; van der Wal et al., 1997; 
Wightman et al., 2001; Yee and Fein, 2001; Yee et al., 2004b). These studies 
are consistent in that each indicates that functional groups on bacterial surfaces 
are proton active over a broad pH range, including down to pH values of as low 
as 2 and up to pH values as high as at least 10. Studies of protonation behavior 
of the cell wall-functional groups is complicated outside this pH range due 
to structural damage that is sustained by the cell wall when exposed to acidic or 
basic solution conditions (Borrok et al., 2004c). The buffering intensity of the 
bacterial cell walls is characterized by two broad peaks of maximum buffering 
intensity: one at pH 4-5 and one above pH 8.5 (Fein et al., 2005). 
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Despite the general agreement between data-sets that measure bacterial 
cell wall-protonation behavior with titrations, these studies apply a wide 
range of modeling approaches to interpret the potentiometric data. For 
example, Plette et al. (1995) used a three-site Langmuir—Freundlich model 
(LF), coupled with the Gibbs—Donnan shell model, to account for their 
experimental acidimetric titration measurements of Rhodococcus erythropolis 
A177. Fein et al. (1997) conducted potentiometric titrations of Bacillus 
subtilis and modeled the results with three discrete cell wall-functional 
groups, using a constant capacitance model. Cox et al. (1999), in similar 
experiments, but using a nonelectrostatic (neglecting the effects of the double 
layer) linear programming method modeling approach (Brassard et al., 
1990), modeled titration data using five discrete binding sites. Martinez 
et al. (2002) interpreted potentiometric titration data for B. subtilis and 
Escherichia coli by considering a set of equally spaced (ApK, = 0.2) pKa 
values and using the Gibbs—Donnan shell model to account for electrostatic 
effects, finding evidence for four types of bacterial surface functional groups. 
Fein et al. (2005) demonstrated that a range of models, from a discrete site 
nonelectrostatic model (NEM) to a Langmuir—Freundlich continuous pK, 
distribution approach, can equally well describe a single set of potentiomet- 
ric titration data (Fig. 1). As the range of titration models that can be found 
in the literature demonstrates the buffering behavior, and intensity can be 
modeled either with a relatively large number (four) of discrete proton-active 
sites that are unaffected, or only minimally affected, by surface electric field 
effects, or with fewer sites that are proton active over a wider pH range than 
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Figure 1 Potentiometric titration data of 75-150 g 17! (wet weight) B. subtilis in 0.1 M 
NaClO,. The data are calculated with [H*]consumea = 0 at the pH of suspension. The model 
curves are calculated taking into account Ty°, and hence are displaced downward by this 
amount. The three curves are from a CCM, a LF, and a NEM. Within error, each of these 
modeling approaches provides a reasonable fit to the experimental data. Reprinted from Fein 
et al. (2005). Geochim. Cosmochim. Acta, 69, 1123-1132, with permission from Elsevier. 
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the discrete sites in the “nonelectrostatic’”? models. The wider pH range of 
influence can be caused either by the effects of a bacterial surface electric 
field, or it may be the result of “site” heterogeneity, or it may result from a 
combination of the two effects. 

Additional constraints on the molecular-scale protonation mechanisms 
exhibited by bacterial cell walls have been provided by infrared spectroscopic 
investigations. Infrared spectroscopy has been used as a direct determination 
of the identity of bacterial functional group types, with studies demonstrating 
the importance of carboxyl, phosphoryl, hydroxyl, and amino groups 
(Benning et al., 2004a,b; Dittrich and Sibler, 2005; Jiang et al., 2004; Yee 
et al., 2004a). Most of the studies use infrared spectroscopy as a qualitative 
tool to identify functional groups present on cell walls. However, Yee et al. 
(2004a) and Jiang et al. (2004) also use infrared spectroscopy to investigate the 
pH dependence of the protonation state of cell wall-functional groups. The 
number of pH conditions studied in each investigation is limited, but the 
coverage is sufficient to demonstrate an increase in the vibrational frequencies 
of deprotonated carboxyl groups with increasing pH. The ability to discern 
protonated from deprotonated functional groups using infrared spectroscopy 
suggests that more detailed examinations of the pH dependencies could 
possibly be used to provide constraints on the mechanisms of proton adsorp- 
tion and to distinguish between discrete or continuously distributed acidity 
constants for functional group sites. 

Calorimetric measurements of bacterial surface protonation reactions 
offer another relatively untapped resource for constraining proton adsorp- 
tion mechanisms. Calorimetry measurements of proton adsorption onto 
bacterial cell walls not only can provide rigorous constraints on the extent 
of bulk proton adsorption but also interpretation of these data using a 
surface complexation modeling approach can yield site-specific enthalpies 
and entropies of proton adsorption onto the bacterial surface functional 
groups. These data can be interpreted to yield information on proton coor- 
dination environment, as well as the temperature dependence of the proton- 
ation reactions. Gorman-Lewis et al. (2006) have conducted the only 
calorimetric study of bacterial surface protonation to date. Their results 
(Fig. 2) indicate that the protonation reaction is exothermic, with calculated 
site-specific entropies of protonation that are relatively small. This suggests 
that the functional groups on the bacterial surface behave more like multi- 
functional organic acids with nearby proton-active sites rather than simple 
monofunctional acids with a single isolated functional group. Hydrogen 
bonding between protonated and deprotonated sites likely occurs as 
reflected by the relatively small entropies of protonation. The calorimetry 
results suggest that multifunctional organic acids likely represent better 
analogues than monofunctional acids for modeling the acidity behavior of 
the functional groups present on bacterial surfaces. 
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Figure 2 (A) Raw data from a typical low-pH proton adsorption calorimetric titration 
experiment, showing heat associated with adsorption of protons onto functional groups on 
the bacterial cell wall of B. subtilis. Data show continuous uptake of protons, and that the cell 
wall-functional groups are not fully protonated even under the lowest pH conditions of these 
experiments. (B) Corrected heat evolved from three low-pH proton adsorption calorimetric 
titration experiments involving B. subtilis, with the curve representing the best fit to the data 
assuming three types of protonation sites each with their own discrete pK, value. Each figure 
indicates that protonation reactions are exothermic with heats comparable to those associated 
with protonation of multifunctional organic acids. The calculated site-specific enthalpies and 
entropies of protonation are listed in (B), and the low values for AS suggest hydrogen bonding 
between functional group sites. Reprinted from Gorman-Lewis et al. (2006, in press) Geochim. 
Cosmochim. Acta, with permission from Elsevier. 


There are two main types of studies of bacterial surface protonation 
reactions: ones like potentiometric titration experiments that provide primar- 
ily bulk proton adsorption information and ones like infrared spectroscopy 
and calorimetry that yield information on proton adsorption mechanisms. 
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The first type of experiments provide rigorous constraints on total proton- 
active functional group site concentrations and the data are the easiest to use 
to calculate acidity constants and specific site concentrations for individual 
functional groups on the bacterial surface. However, as discussed earlier, 
titrations offer little information on molecular-scale protonation mechan- 
isms. Conversely, infrared spectroscopy and calorimetry have the potential 
to significantly enhance our understanding of bacterial cell wall reactivity, 
but the signal can be difficult to interpret unequivocally, and the data are not 
geared toward constraining thermodynamic parameters of the bacterial 
surface species. Clearly, better constraints on mechanisms of protonation 
of bacterial cell wall-functional groups will come from a combination of 
these and other approaches. 


C. CONSTRAINTS ON MECHANISMS OF METAL 
ADSORPTION onto BACTERIA 


Bulk metal-adsorption experiments, conducted as a function of pH and 
solute:sorbent ratio, provide constraints on the stoichiometries and thermo- 
dynamic stabilities of the important metal—bacterial surface species. A num- 
ber of studies over the past decade have used surface-complexation modeling 
of bulk metal-adsorption measurements to determine binding mechanisms 
for metals onto bacterial cell walls (Fein et al., 1997; Martinez and Ferris, 
2001; Plette et al., 1996). Bulk adsorption studies have demonstrated that 
metal and proton adsorption onto bacterial cell wall-functional groups 
typically is rapid and reversible (Daughney and Fein, 1998; Fowle and 
Fein, 2000). Furthermore, surface complexation modeling can successfully 
account for metal competition, pH effects, and changing solute:sorbent ratio 
on metal distributions in bacteria-bearing systems. Fowle and Fein (1999) 
demonstrated that stability constants for metal—bacterial surface complexes 
that are derived from single metal, single bacterial species experiments can 
be used to accurately estimate the extent of adsorption that occurs in more 
complex mixed systems. In addition, stability constants for bacterial surface 
complexes that involve metals that have not been studied directly can be 
estimated using linear free energy predictive approaches that quantify rela- 
tionships between metal—bacterial stability constants and stability constants 
for metals complexed to aqueous organic acid anions (Fein et al., 2001). 

Although bulk adsorption experiments offer only circumstantial evidence 
of the dominant adsorption reactions, these measurements can provide 
constraints on the identity and thermodynamic stability of important 
metal-bacterial surface complexes. For example, Gorman-Lewis et al. 
(2005) measured aqueous uranium adsorption onto B. subtilis as functions 
of pH, solid:solute ratio, and dissolved CO, and Ca concentrations. 
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In oxygenated, CO,-rich systems, negatively charged uranyl-carbonate 
complexes dominate the aqueous uranium speciation, and it is commonly 
assumed that these complexes exhibit negligible adsorption onto negatively 
charged surfaces such as bacteria. However, Gorman-Lewis et al. (2005) 
observed extensive uranium adsorption onto the bacterial surface, including 
under conditions where negatively charged aqueous uranyl-carbonate com- 
plexes dominate the aqueous uranium speciation (Fig. 3). Thermodynamic 
modeling of the data suggests that uranyl-hydroxide, uranyl-carbonate, and 
calcium—uranyl-carbonate species each can form stable surface complexes 
on the bacterial cell wall, results that could dramatically alter predictions of 
uranium mobility in near-surface environments. Similarly, Markai et al. 
(2003) interpreted bulk Eu(IIJ) adsorption measurements using a surface 
complexation modeling approach, demonstrating that Eu(III) binds with 
both carboxyl and phosphoryl functional groups on B. subtilis bacterial 
cell walls. The adsorption data constrain both the reaction stoichiometry 
and the thermodynamic stabilities of the important Eu-bacterial surface 
complexes, parameters that are crucial for modeling the effects of bacterial 
adsorption on the mobility of Eu in bacteria-bearing geologic systems. 
Although bulk adsorption experiments represent a powerful approach 
for quantifying stability constants of metal-adsorption reactions, the data 
provide relatively weak circumstantial constraints on the molecular-scale 
mechanisms responsible for the metal adsorption. More rigorous cons- 
traints on adsorption mechanisms are offered by a range of complementary 
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Figure 3 Measured adsorption of aqueous U(VI) onto B. subtilis bacterial cells (0.5 gm wet 
mass 1~') suspended in solutions in equilibrium with atmospheric CO}. Dashed curve represents 
a thermodynamic model prediction for the extent of adsorption assuming that uranyl-carbonate 
complexes do not adsorb and remain in solution; solid curve represents the best-fitting model 
constructed assuming that uranyl-carbonate bacterial surface complexes form. Data suggest 
that significant adsorption of aqueous uranyl-carbonate complexes onto the bacterial cell wall 
can control U speciation and mobility in near-neutral waters. Reprinted with permission from 
Gorman-Lewis et al. (2005). Copyright 2005, American Chemical Society. 
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experimental approaches, and a number of these approaches have been 
applied successfully to examine metal-bacterial adsorption reactions. 
X-ray absorption spectroscopy (XAS) has been used to constrain the bind- 
ing environment for metal cations on cell wall-functional groups (Boyanov 
et al., 2003; Francis et al., 2004; Hennig et al., 2001; Kelly et al., 2002; Panak 
et al., 2002a,b; Sarret et al., 1998; Songkasiri et al., 2002; Templeton et al., 
2003). Spectroscopic data provide more direct evidence of the metal- 
coordination environment than do bulk adsorption measurements. How- 
ever, due to the complexity of the cell wall-binding environments, and due to 
the fact that XAS yields averaged information on all binding environments 
sampled by the technique, the experimental results from XAS can be com- 
plex and difficult to interpret. For example, although XAS has been used 
successfully to demonstrate the importance of carboxyl and phosphoryl 
binding sites for U and Cd on the bacterial cell wall of B. subtilis, significant 
uncertainties exist regarding the metal:ligand stoichiometry involved in 
binding (Boyanov et al., 2003; Kelly et al., 2002). Although the XAS data 
from these studies do not conclusively determine whether binding sites 
on bacterial cell walls exhibit discrete or continuous acidity constants, the 
data do require at least three distinct binding sites over the pH range of 
3.5-7.0, and the data do not point to the type of binding complexity that 
might be expected for a cell wall on which functional groups deprotonate 
continuously over a wide pH range. 

Calorimetric measurements of metal binding onto bacterial surfaces, 
interpreted using a surface complexation modeling approach, can be used 
to infer site-specific enthalpies and entropies of metal adsorption. Weppen 
and Hornburg (1995) used flow calorimetry to compare the metal seques- 
tration capability of cell wall suspensions harvested from a range of bacterial 
cells. Their measured bulk enthalpies of metal adsorption (for Cd, Cu, 
Zn, Pb, Mg, Ca, Sr, and Ba) were all modestly endothermic (+3 to 
+18 kJmol™'), and in the expected range for divalent cations coordinated 
with anionic oxygen ligands. However, Weppen and Hornburg (1995) did 
not correct for the heat associated with protonation reactions, and used a 
bulk-partitioning approach instead of a site-specific surface complexation 
model to quantify metal adsorption. Gorman-Lewis et al. (2006) used calo- 
rimetric data, in conjunction with surface complexation models of the pro- 
tonation of the bacterial cell wall, to produce site-specific enthalpies and 
entropies of Cd adsorption onto the cell wall of B. subtilis. The calculated 
entahlpies of Cd adsorption are typical for Cd complexation with anionic 
oxygen ligands; the entropies are indicative of inner sphere complexation by 
multiple ligands; and the calorimetry results also constrain both the stoichi- 
ometry of the adsorption reactions and the temperature dependence of the 
stability constants for the dominant metal—bacterial surface complexes. 
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The need to elucidate mechanisms responsible for metal adsorption onto 
bacterial cell walls has led to the use of other molecular-scale experimental 
approaches. For example, time-resolved laser-induced fluorescence spectros- 
copy (TRLFS), like XAS, can characterize the binding environment of 
fluorescent elements attached to bacterial cell wall-functional groups. Texier 
et al. (2000) used TRLFS to determine that Eu binding onto Pseudomonas 
aeruginosa, a gram-negative bacterial species, occurs primarily through 
carboxyl and phosphoryl binding at pH 6. Similar results were obtained by 
Markai et al. (2003), who studied Eu adsorption onto the gram-positive 
species B. subtilis using TRLFS, and found carboxyl groups primarily 
responsible for Eu binding at pH 5, with phosphoryl groups becoming 
important at pH 7. The TRLFS data also provide some constraints on the 
metal:ligand ratio for the dominant adsorption reactions. In contrast to the 
mixed carboxyl and phosphoryl binding observed in the studies by Texier 
et al. (2000) and by Markai et al. (2003), Panak et al. (2000, 2002b) used 
TRLFS, in conjunction with EXAFS, to demonstrate that U(VI) forms 
inner sphere complexes only with phosphate groups on cell walls of a 
number of Bacillus species at pH 4.5-5.0. 

Bulk adsorption measurements and a range of complementary experimen- 
tal approaches have shed light on the molecular-scale mechanisms responsible 
for metal adsorption onto bacterial cell walls, however, considerably more 
work must be conducted to yield a complete understanding of these impor- 
tant geochemical reactions. Our understanding of the protonation behavior 
of cell wall-functional groups is rudimentary, and a range of protonation 
models can be invoked to explain observed protonation behaviors. Although 
spectroscopic and calorimetric investigations of metal binding onto bacterial 
cells can provide tighter constraints on the cell wall reactivity, there have 
been relatively few detailed studies to date. Due to the growing number of 
experimental and theoretical approaches, the next 5 years of research is 
likely to yield dramatically improved and detailed understandings of the 
mechanisms that control metal binding onto bacterial cell walls. One of the 
most important challenges that must be addressed is to better determine the 
nature and protonation behavior of the proton-active sites on the cell wall. 
Although potentiometric titrations offer rigorous constraints on total 
site concentrations, the data do not effectively distinguish between sites 
that exhibit discrete deprotonation behavior and sites that influence each 
other and exhibit relatively continuous deprotonation over a wide pH range. 
Furthermore, future research should include investigations into bacterial 
surface electric field effects and how to characterize them. Some attempts 
at this have been made using mineral surface electric field models. How- 
ever, the three-dimensional nature of the cell wall and its constituent 
macromolecules suggests that a more sophisticated approach may be re- 
quired (Wasserman and Felmy, 1998; Wasserman et al., 2000). A number of 
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spectroscopic approaches have been used to study metal binding onto bac- 
terial cell walls. Although much has been learned, our mechanistic under- 
standing of these reactions is still rudimentary and considerably more 
research can be conducted in order to elucidate the dominant adsorption 
reaction stoichiometries, and hence binding environments, responsible for 
metal complexation on bacterial cell walls. 


I. CHALLENGES IN APPLYING SURFACE 
COMPLEXATION MODELS TO REAL SYSTEMS 


Laboratory and field studies have demonstrated that bacterial cell walls 
efficiently adsorb a variety of aqueous metal cations and organic molecules 
(Baughman and Paris, 1981; Beveridge and Murray, 1976, 1980; Gonçalves 
et al., 1987; Harvey and Leckie, 1985; Konhauser et al., 1993). Under some 
conditions, bacteria are mobile in the subsurface (Allen and Morrison, 1973; 
Bengtsson and Lindqvist, 1995; Gannon et al., 1991; Harvey et al., 1989, 
1993; Johnson and Logan, 1996; McDowell-Boyer et al., 1986), and they can 
enhance contaminant mobilities through adsorption of contaminants onto 
bacterial cell walls (Champ et al., 1984; Champlin and Eichholz, 1976; 
McCarthy and Zachara, 1989). Bacteria can also be immobile due to biofilm 
formation, bacterial adsorption onto mineral surfaces, and/or due to bacte- 
rial straining by the rock matrix. When immobile, metal adsorption onto the 
bacteria is likely to enhance metal contaminant retardation (Malard et al., 
1994; Matthess and Pekdeger, 1985). Whether bacteria are mobile or immo- 
bile, when they represent a significant portion of the solid surface area with 
which groundwater comes into contact, bacteria-water-rock interactions 
must be quantitatively accounted for in order to accurately assess mass 
transport in realistic subsurface environments. Most experimental studies 
of metal adsorption onto bacterial cell walls involve only a single bacterial 
species. There are a number of challenges that must be addressed in order to 
extrapolate these findings from studies involving individual bacterial species 
to realistic settings that include a myriad of species. 

One of the most problematic obstacles to the application of surface com- 
plexation modeling to realistic systems is the determination of adsorption site 
concentrations in geologically and biologically complex systems (Davis et al., 
1998; Payne et al., 2004). A bacteria-bearing natural system can contain a 
large number of different bacterial species, and the number of species of 
environmental interest is huge and undetermined. If bacterial surfaces are 
unique and if each species exhibits unique adsorption properties, then it 
would be a Herculean task to determine the binding site concentrations 
and binding constants for each bacterial species of environmental interest. 
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Experimentation on dozens of different bacterial species would be necessary 
just to describe the metal behavior in a single environment. If bacterial species 
differ significantly from each other in their adsorptive behaviors, then the 
complexities of realistic systems would make it virtually impossible to model 
metal speciation and distribution on a molecular scale due to practical 
computational limitations. Conversely, application of too simple a model, 
which does not account for surface and solute speciation changes with 
changing subsurface conditions, can lead to inaccurate predictions of metal 
speciation and mobility (Bethke and Brady, 2000; Koretsky, 2000). 

A potential solution to this dilemma arises from the observations that a 
number of bacterial species exhibit similar extents of metal adsorption 
(and similar proton and metal-binding constants) as determined in labora- 
tory experiments using individual pure strains of bacteria (Daughney et al., 
1998; Kulczycki et al., 2002; Ngwenya et al., 2003; Small et al., 1999). Yee 
and Fein (2001) hypothesized that a common mechanism of adsorption 
exists for a wide range of bacterial species, and they conducted poten- 
tiometric titrations and Cd-bacteria adsorption experiments using a range 
of gram-positive and two gram-negative bacterial species. Yee and Fein 
(2001) observed one common adsorption edge (Fig. 4 for the wide variety 
of bacterial species studied, suggesting that the structures that give rise to 
metal and proton adsorption onto bacteria are common over a wide range of 
bacterial species. Based on the universality of the Cd-adsorption edge, Yee 
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Figure 4 Cd adsorption onto pure cultures of individual gram-positive and gram-negative 
bacterial species. Each data point represents individual batch experiments with 1074! M Cd and 
1.0 g I! (dry wt.) bacteria. The dashed curve represents the adsorption behavior calculated 
using the average parameters given in Yee and Fein (2001). Reprinted from Yee and Fein (2001). 
Geochim. Cosmochim. Acta (2001) 65, 2037-2042, with permission from Elsevier. 
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and Fein (2001) proposed that averaged thermodynamic parameters and site 
concentrations can be used to predict Cd adsorption onto bacterial surfaces 
for all bacterial species over a wide range of conditions, regardless of which 
species or groups of species are present in the system of interest. 

The hypothesis of universal bacterial adsorption behavior has been sup- 
ported by a number of subsequent experimental studies. Yee and Fein (2003) 
tested the universality of bacterial adsorption by measuring metal-adsorption 
behaviors of a mixture of 5 different gram-positive species, a mixture of 5 
different gram-negative species, and a mixture of the 10 gram-positive and 
gram-negative bacteria, noting that all mixtures that were tested exhibited 
nearly identical extents of adsorption. Jiang et al. (2004) used attenuated total 
reflectance Fourier-transform infrared spectroscopy of both gram-positive 
and gram-negative bacterial species to demonstrate that the infrared spectra 
of both gram-positive and gram-negative bacteria are similar and exhibit 
similar variations as a function of changes in pH. The similarity in spectra 
for this range of bacteria suggests a similarity in binding environment for 
metals, and this observation supports a universal adsorption behavior that is 
rooted in similar cell wall-functional group chemistries. Borrok et al. (2004a) 
measured H* and Cd adsorption onto bacterial consortia from a range of 
natural environments. Their results indicate that the consortia adsorb simi- 
lar extents of protons and Cd, and that the adsorption onto all of the 
consortia can be modeled using a single set of stability constants (Fig. 5.). 
In addition, Borrok et al. (2005) compiled all available potentiometric 
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Figure 5 Data from Borrok et al. (2004a). Cd adsorption onto bacterial consortia cultured 
from soil and aquatic environments. All Cd adsorption experiments were conducted using 
10 ppm Cd and 10 g 17" consortia (wet weight) in a suspension of 0.1 M NaClO4. The consortia 
were grown using soil broth (SB) or trypticase soy broth (TSB) with 0.5% yeast extract. (H) = 
Forest soil #1, SB; (O) = wastewater effluent, TSB; (A) = wastewater effluent, SB; (©) = forest 
soil #2, SB; (©) = river water, SB; (e) = wetland water, TSB; (+) = wetland soil, SB; and (A) = 
wetland water, SB. The dashed curve represents the best-fit adsorption edge that is calculated 
using the “universal” averaged thermodynamic parameters. Reprinted from Borrok et al. 
(2004a). Geochim. Cosmochim. Acta 68, 3231-3238, with permission from Elsevier. 
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titration data-sets for individual bacterial species, bacterial consortia, and 
bacterial cell wall components. They note general similarities between pro- 
ton adsorption behaviors of the range of bacterial species studied to date, 
and they use the data to construct an internally consistent surface com- 
plexation model for all suitable data-sets, presenting an averaged set of 
“universal” thermodynamic proton binding and site density parameters for 
modeling bacterial adsorption reactions in geologic systems. Modeling 
results demonstrate that the total concentrations of proton-active functional 
group sites for the 36 bacterial species and consortia tested are remarkably 
similar, averaging 3.24 x 1074 moles per wet gram with a 1 o uncertainty of 
1.0 x 1074 moles per wet gram. Examination of the uncertainties involved in 
the development of proton-binding modeling parameters suggests that ig- 
noring factors, such as bacterial speciation, ionic strength, temperature, and 
growth conditions, introduces relatively small error compared to the un- 
avoidable uncertainty associated with the determination of cell abundances 
in realistic geologic systems. Hence, Borrok et al. (2005) proposed that 
reasonable estimates of the extent of bacterial cell wall deprotonation can 
be made using averaged thermodynamic modeling parameters, regardless 
of bacterial species used, ionic strength, temperature, or growth condition of 
the experiment. 

Although a large number of bacterial species appear to exhibit broadly 
similar adsorption behavior, some studies suggest that at least some bacteria 
have unique adsorptive properties. For example, Borrok et al. (2004b) 
showed that bacteria that thrive in highly perturbed contaminated environ- 
ments may exhibit significantly different adsorptive behavior from those from 
uncontaminated systems. Borrok et al. (2004b) measured proton and Cd 
adsorption onto a range of bacterial consortia grown from heavily contami- 
nated industrial wastes, groundwater, and soils, and modeled the results using 
a discrete site surface complexation approach to determine binding constants 
and site densities for each consortium. The results demonstrate that bacterial 
consortia from different contaminated environments exhibit a range of total 
site densities (approximately a threefold difference) and Cd-binding constants 
(approximately a tenfold difference), and Borrok et al. (2004b) suggest that 
the range of adsorption behaviors is related to the evolutionary pressures on 
the bacteria in each of the contaminated environments. 


IV. CONCLUDING REMARKS 


The complexity and heterogeneity of realistic natural systems mean that 
modeling the transport and distribution of mass on a molecular scale 
is practically impossible due to computation limitations. Conversely, 
the application of too simple an adsorption model can lead to inaccurate 
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predictions of metal speciation and mobility in the subsurface (Bethke and 
Brady, 2000), and therefore models of contaminant transport must include 
some chemical complexity in order to account for the effects of changing 
conditions (pH, mineralogy, biomass concentration variability, and so on) 
on contaminant adsorption behavior. Clearly, a compromise approach must 
be determined in which sufficient chemical complexity in the form of indi- 
vidual adsorption site specificity for each bacterial and mineral surface is 
incorporated into geochemical models, but generalities are recognized to 
enable an approximate solution to be calculated. There is a clear tradeoff 
between the precision associated with calculated metal speciations and metal 
distributions and the ability to make such calculations. That is, when mod- 
eling metal mobility in the subsurface, generalized models with relatively 
high degrees of associated uncertainty may be acceptable, while for engi- 
neered systems, in which compositional heterogeneities and complexities are 
well-characterized, more precision is obtainable and a generalized model 
may be less appropriate than one that explicitly accounts for adsorption 
site complexities for the particular bacterial species of interest. 

This chapter demonstrates that considerable progress has been made both 
in understanding the molecular-scale mechanisms of metal and proton ad- 
sorption onto bacterial cell wall-functional groups and in constructing 
generalized adsorption models that can be applied to complex systems. 
However, considerable work remains on both fronts. Mechanistic models 
of metal adsorption require better characterization of cell wall adsorption 
sites and adsorption reactions. We must answer questions as fundamental as 
whether cell wall-functional groups exhibit continuous or discrete deproto- 
nation behavior, we must better constrain the number of types and concen- 
trations of each functional group present on cell walls, and we have relatively 
poor constraints on the stoichiometries of metal-adsorption reactions. The 
research summarized in this chapter demonstrates the need to collect mech- 
anistic information from a wide range of experimental approaches in order 
to rigorously constrain adsorption reaction mechanisms. The most effective 
approaches used to date include bulk adsorption experiments, a range of 
spectroscopies, and molecular modeling; however, other approaches are 
likely to offer new perspectives and should be pursued. Each approach has 
strengths and weaknesses associated with it, so each provides only a limited 
view of the overall picture. 

In addition to the work required to better characterize metal-adsorption 
mechanisms on bacterial cell walls, more research is also required in order to 
understand the effects exerted on metal speciation by biological structures 
associated with bacteria in natural environments. For example, most bacte- 
ria in natural systems do not exist as discrete cells but are present within 
attached biofilms that are composed primarily of extracellular polymers 
that may significantly affect metal adsorption and speciation themselves. 


METAL ADSORPTION ONTO BACTERIA 197 


While some research has focused on metal binding to these extracellular 
polymers and to biofilms in general (Acosta et al., 2005; Freire-Nordi et al., 
2005; Lau et al., 2005; Marques et al., 1990; Toner et al., 2005), these 
studies are in their infancy, and considerably more research is required in 
order to quantify the importance of polymer adsorption relative to cell wall 
adsorption. 

The similar adsorption behavior that is exhibited by most single bacterial 
species and mixed bacterial consortia, which have been studied to date, 
suggests that metal-adsorption experiments conducted using only a limited 
number of types of bacteria (or perhaps even one type) can be extrapolated 
to reasonably accurately model metal adsorption onto complex mixed bac- 
terial populations if the total concentration of bacteria is known. However, 
a number of challenges must be addressed before this type of modeling 
approach can be implemented with confidence. The biggest experimental 
challenges are to better understand the origin of the observed adsorption 
similarities and to determine the limits of the universal adsorption-behavior 
assumption. 

Universal adsorption behavior by bacteria would eliminate the need to 
characterize absolute concentrations and distributions of individual bacterial 
species in a geologic system. However, the next challenge for application of 
bacterial-adsorption models to real systems would be to improve our methods 
for determining overall bacterial site concentrations in realistic settings. While 
this would be unquestionably more straightforward than mapping out dis- 
tributions and concentrations of individual bacterial species, quantitative 
approaches have yet to be designed or tested. It is likely that stochastic- 
modeling approaches, similar to those used to characterize hydraulic and 
facies heterogeneities in groundwater aquifers (Huysmans and Dassargues, 
2005; Moysey et al., 2003), may prove fruitful. 

Mechanistic studies of metal adsorption onto bacterial cell walls and 
research aimed at field-scale adsorption models are not mutually exclusive 
activities. The results from each type of study should help to guide the 
research in the other area. Continued sustained efforts on both fronts 
eventually will improve not only our molecular-scale understanding of bac- 
terial adsorption reactions but also our ability to apply that understanding 
to model the effects of adsorption on mass transport in realistic geologic 
settings. 
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Insufficient cold hardiness is a major impediment to reliable alfalfa 
(Medicago sativa L.) production in northern regions experiencing harsh winter 
conditions. Numerous studies have documented the morphological and physi- 
ological traits associated with the acquisition of freezing tolerance and winter 
survival in alfalfa. Use of this information as selection criteria to breed cultivars 
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with superior winter hardiness has thus far been met with limited success. This 
can be attributed to many factors including: the large number of traits affecting 
winter survival; the multigenic nature of most traits, large environmental inter- 
actions, and an undesirable linkage between acquisition of freezing tolerance 
and fall growth cessation (fall dormancy). In the last two decades, the advent of 
molecular biology and quantitative genetic techniques has markedly increased 
our knowledge of the molecular and genetic bases of superior alfalfa winter 
hardiness. Our understanding of the mechanisms underlying the perception of 
the low temperature signal and its transduction into morphological and physi- 
ological responses leading to cold hardiness has progressed, but still remains 
fragmentary. Current evidence indicates that cold hardiness of alfalfa relies on 
tolerance to extensive freeze-induced desiccation. Low temperature-induced 
accumulation of soluble sugars and stress-related translation products were 
found to be, in some instances, more abundant in cold-tolerant cultivars and 
to be under some level of genetic control. Limited stability of these traits and 
conflicting reports on their relationship with freezing tolerance preclude their 
adoption as molecular screening tools. The development of robust screening 
techniques will require a more complete knowledge of the genetic bases of 
freezing tolerance. Heritability estimates suggest that independent selection 
for winter hardiness, freezing injury and autumn growth is possible, and that 
winter hardiness and autumn growth could be manipulated independently. This 
creates the opportunity to develop high-yielding cultivars with improved winter 
hardiness. A screening test for freezing tolerance performed under controlled 
conditions recently led to the development of populations with increased freez- 
ing tolerance and led to significant improvement in alfalfa winter survival. 
Unique genetic material, combined with novel gene discovery approaches, 
could be lead to the identification of genetic polymorphisms associated with 
freezing tolerance in alfalfa and pave the way to marker-assisted selection. 
Based on the current knowledge, we propose a conceptual framework for the 
genetic determination of cold adaptation of alfalfa. © 2006, Elsevier Inc. 


I. INTRODUCTION 


Alfalfa is the most important forage legume grown in North America. It is 
grown on 9.5 million hectares in the United States (http://www. usda.gov/nass/), 
and 32 million hectares worldwide (Russelle, 2001). In recent years the cash 
value of alfalfa in the United States has been estimated at $8 billion, placing it 
third behind maize (Zea mays L.) and soybean (Glycine max L. Merrill). How- 
ever, this underestimates the actual value of alfalfa to US agriculture because 
most alfalfa production leaves the farm as meat and milk. Estimates of the 
value of forages to the ruminant livestock industry exceed $27 billion, which 
exceed the cash value of other crop commodities (Barnes and Nelson, 2003). 

Alfalfa contributes to sustainable crop and livestock production systems 
in numerous ways. This includes N derived from biological fixation of 
atmospheric dinitrogen gas (N2) by legume—Rhizobium symbioses, which 
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represents potentially a more sustainable approach to acquiring N than N 
derived from industrial sources (Crews and Peoples, 2004). As a result, 
perennial legume-based cropping systems have lower global warming poten- 
tial than annual cropping systems (Robertson et al., 2000). Historic trends 
for N inputs in farming systems indicate that N derived from biological Nə 
fixation has declined from 50% in the 1950s to around 20% in the mid-1990s. 
In addition, forage production systems reduce soil erosion and protect 
surface and groundwater by capturing nitrate and water, and the large 
belowground biomass of alfalfa also sequesters vast quantities of C. 
Regions that are most affected by insufficient alfalfa winter hardiness include 
the midwest United States, western and eastern Canada, and Northern Europe. 
Several severe winters in the 1990s resulted in significant stand losses in the 
midwest United States and Canada with as much as 1,000,000 ha killed in some 
years. With reestablishment costs at roughly $400 ha (Barnhart et al., 2004), 
winterkill caused expenses approaching one-half billion dollars in these years. 
Modeling of global climate change suggests increased frequency and severity of 
alfalfa winter kill in future years because of less reliable autumn-hardening 
conditions coupled with reduced snow cover; both key factors in alfalfa 
winter hardiness (Bélanger et al., 2002). As a result, understanding the mor- 
phological, physiological, and molecular mechanisms associated with alfalfa 
winter hardiness and freezing tolerance is key to long-term food security. 


Il. MORPHOLOGICAL AND DEVELOPMENTAL 
BASES OF WINTER SURVIVAL 


A. Crown Deptu, Roor MORPHOLOGY, AND WINTER SURVIVAL 


Crown depth below the soil surface has historically been viewed as a key 
morphological adaptation for successful overwintering of forage legumes. 
The deeper-set crowns of fall-dormant alfalfa cultivars, when compared to 
the shallow-set crowns of nondormant cultivars, is thought to serve as an 
escape mechanism preventing exposure of overwintering tissues to sublethal 
temperatures (Smith, 1952). Despite its importance as an escape strategy for 
forage legumes, we do not understand the physiological and morphological 
mechanisms controlling contractile growth that ultimately results in crowns 
developing up to 2 cm below the soil surface. 

The freezing and thawing of soil during winter can cause heaving during 
which crowns and the upper portion of the taproot are pushed vertically out 
of the soil, resulting in tissue exposure to ambient air temperatures with little 
or no insulating from the soil (Fig. 1). Early study described ice formation in 
soil and how it could result in heaving (Bouyoucos and McCool, 1928). 
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Figure 1 Heaving of soil exposed the crowns and upper portions of the taproots of alfalfa to 
lethal temperatures over winter resulting in a high frequency of plant death. Photo was taken in 
April in west-central Indiana, USA. 


Needle-like ice crystals grow rapidly using water drawn to the surface via 
capillary action from deeper horizons in the soil profile. Capillary pores 
enlarge at their basal ends as additional ice is deposited, pushing the frozen 
soil surface and rooted plants upward. When the ice sheet melts, plants are 
left exposed above the soil surface. Because of greater temperature variation, 
more heaving generally occurs in sods with extensive areas of exposed soil 
that lack the insulating properties of dense sods (Decker and Ronningen, 
1957). Because residue insulates the soil against temperature change, autumn 
cutting has been shown to be a major contributor to frost heaving of alfalfa 
(Belesky and Fedders, 1997; Van Keuren, 1988). In addition, autumn- 
harvested plants that heaved had less root mass and lower root total non- 
structural carbohydrate (TNC) concentrations. This is consistent with 
the early report of Willard (1930) that frequent cutting in summer (five 
times per year) in Ohio reduced root mass, root reserves, and enhanced winter 
killing caused by heaving. Residue also enhances snow cover that insulates 
the soil and crown against rapid changes in temperatures (Leep et al., 2001). 
Winter survival of traditionally nonhardy alfalfa germplasms occurred in 
this Michigan study when at least 10 cm of snow was present. 

Several factors are known to influence heaving of alfalfa plants. The 
taproot nature of alfalfa makes this species more susceptible to heav- 
ing, whereas branch-rooted legumes and fibrous-rooted grasses heave less 
(Johnson et al., 1998; Kinbacher, 1956; Smith, 1951). Portz (1967) reported 
cultivar differences in frost heaving with fall-dormant cultivars heaving less 
than nondormant cultivars, which have less branch rooting in general. 
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Severing alfalfa taproots 14 cm below the soil surface caused extensive 
branching and reduced heaving when compared to plants with intact tap- 
roots (Klebesadel, 1964). Wiersma et al. (1997) reported cultivar differences 
in heaving and attributed 50% of the variation in heaving to resistance to 
Aphanomyces root rot caused by Aphamomyces euteiches Drechs. This 
disease reduces root branching resulting in susceptible plants having only a 
taproot. Perfect et al. (1987) also examined the relationship between taproot 
architecture and heaving. Alfalfa plants with taproots exhibited about 50% 
greater heaving than plants with the creeping root trait. Heaving-induced 
root injury varied with plant size; small plants had severed taproots while 
large plants had broken lateral roots. Root anchorage and tissue elasticity 
may be important factors influencing heaving/root injury. In contrast, 
Russell et al. (1978) reported no consistent difference in frost heaving 
among four alfalfa cultivars, including a rhizomatous variety. 

Heaving is associated with poor soil drainage and diurnal temperatures 
that cycle from below to above freezing. The 30 winters in Illinois where 
heaving was observed on imperfectly drained claypan soils coincided with 
above-average rainfall from October to January and moderate winter 
temperatures. This close association between poor drainage and high inci- 
dence of heaving was later confirmed by Jones and Olsen (1987) who 
examined persistence over winter in southern Illinois of four semidormant 
cultivars on three soil types. Survival percentages over the first winter 
increased from 29 to 63-89% as drainage increased from poorly drained 
to moderately well drained to well drained. No cultivar differences in heav- 
ing resistance were observed. Deep tillage that mixed the A and B horizons 
of a silt loam soil has been shown to reduce heaving by improving water 
infiltration into the soil (Cary et al., 1967). Clearly, multiple factors, includ- 
ing root architecture, soil drainage, and prevailing weather, interact in 
causing heaving of alfalfa. 


B. Fatt DORMANCY AND THE ACQUISITION OF FREEZING TOLERANCE 


Fall dormancy more than any other morphological feature defines 
alfalfa adaptation to agroecosystems in northern latitudes. Early study by 
Timmons and Salmon (1932) reported that cultivars adapted to the southwest 
United States incurred greater injury and death than did dormant cultivars 
grown in the midwest United States. Fall-dormant cultivars exhibit reduced 
shoot elongation and decumbent shoot orientation in autumn and are 
very winter hardy (Sprague and Fuelleman, 1941). Fall nondormant cultivars 
have extensive shoot elongation in autumn, shoots with a vertical orientation, 
and generally poor survival over winter in northern regions (Fig. 2). Because 
shoot growth rate after cutting and flowering of nondormant cultivars 
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Figure 2 Large differences in the extent and orientation of shoot growth in autumn, known 
as “fall dormancy” also influences freezing tolerance with the tall, nondormant cultivar (A, rear) 
being more freezing sensitive than the fall-dormant cultivar (A, front). When diverse germ- 
plasms are evaluated for height-winterhardiness relationships (B), a linear increase in winter 
injury occurs as alfalfa shoot height increases. Adapted from Cunningham et al. (2001). 


is faster in nondormant than dormant cultivars (Buller et al., 1955), non- 
dormant cultivars could result in higher forage yield, and historically there 
has been interest in using less fall-dormant cultivars in regions 
with significant winter stress (Marquez-Ortiz et al., 1999). However, the 
risk of winter injury remains a significant deterrent to implementing this 
recommendation. 

The negative association of nondormant growth in autumn and winter 
survival in alfalfa has been observed both for genotypes within a cultivar as 
well as among cultivars (Larson and Smith, 1963, 1964; Schwab et al., 1996; 
Smith, 1964), suggesting that fall dormancy was a useful predictor of winter 
injury potential in regions with severe winters. Nevertheless, alfalfa geno- 
types with nondormant fall growth, which possess modest levels of winter 
hardiness, have been identified (Busbice and Wilsie, 1965; Daday, 1964). 
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Brummer et al. (2000) found little association between fall dormancy and 
winter survival in a segregating F, alfalfa population. This suggests that 
it may be possible to dissociate, to some extent, the genetic components of 
fall dormancy and winter hardiness, and simultaneously select for extensive 
autumn growth, good winter hardiness, and rapid shoot regrowth after 
harvest in summer (Brouwer et al., 2000). Weishaar et al. (2005) demon- 
strated that improved winter hardiness could be achieved through genetic 
selection within several fall nondormant alfalfa cultivars. Germplasms were 
identified that possessed better winter hardiness than would otherwise be 
predicted using fall dormancy. However, progress toward realizing this goal 
in commercial products has been slow with little deviation in the tradi- 
tional fall dormancy-winter hardiness relationship being evident in released 
cultivars (Haagenson et al., 2003). 

In spite of its importance in determining alfalfa adaptation to harsh 
winter conditions, the physiological basis for genetic differences in fall 
dormancy remains essentially unknown. Grafting has been used to under- 
stand root versus shoot effects on fall dormancy responses (Heichel and 
Henjum, 1990). Canopy morphology of grafted plants was primarily 
conditioned by the shoot genotype, with minor rootstock effects. Freezing 
tolerance of dormant crowns was reduced when grafted onto nondormant 
rootstocks, whereas freezing tolerance of nondormant crowns was not 
increased by grafting onto dormant rootstocks. Thus, both root and shoot 
effects condition fall dormancy responses and winter survival. Kanneganti 
et al. (1998a,b) modeled alfalfa-freezing injury, including the impact of fall 
dormancy. Their analysis revealed that dormant cultivars harden up to three 
times faster than nondormant cultivars. Hardening initiated at crown tem- 
peratures of 15°C, with maximum hardening rate occurring between 5 and 
10°C and dehardening at temperatures greater than 15°C. They reported 
little increase in potential for winter injury as fall dormancy rating increased 
from 1 to 4 ona scale that range from 1 for highly dormant cultivars (0.5-cm 
regrowth 40 days after a cut in early September) to 9 (regrowth > 40 cm) for 
the least dormant types (Teuber et al., 1998). However, a large increase in 
the potential for injury was observed as fall dormancy rating increases from 
4 to >6. Freezing damage to cell membranes is often more important in fall 
nondormant cultivars when compared to fall-dormant cultivars (Larson and 
Smith, 1964). Fall dormant, winter-hardy cultivars have little postfreezing 
electrolyte leakage (an indirect indicator of injury), and low-protein levels 
and activity of malate dehydrogenase (MDH) in the root leachate (Sulc 
et al., 1991a,b). 

Because of a general belief that taproot reserves play a key role in the 
determination of winter survival, initial spring herbage growth, and herbage 
regrowth after harvest in summer, the impact of fall dormancy on their 
accumulation has been evaluated in several studies. Larson and Smith 
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(1964) reported that taproot carbohydrate pools and macronutrient concen- 
trations were not related to marked variations in winter injury between 
cultivars of contrasting fall dormancy ratings. However, concentrations of 
nitrogen (N) pools in November were higher in taproots of winter-hardy 
cultivars when compared to nondormant cultivars that were winter injured. 
Selection of germplasms with contrasting fall dormancy responses within 
various genetic backgrounds have been used to explore the relationship 
between fall dormancy and cold acclimation (Cunningham et al., 1998). 
Selection for greater fall dormancy in CUF 101, a very fall nondormant 
cultivar, reduced shoot height in the autumn and increased winter survival 
from 1% to 95% (Fig. 3). Increase in fall dormancy within CUF 101, did not 
alter taproot starch concentrations, but increased soluble sugars and protein 
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Figure 3 Influence of selection for fall dormancy on winter injury (A) and taproot transcript 
levels for RootCARI, a gene whose expression is associated with genetic differences in winter 
hardiness. Plants from the original population (O) and selections from within that population for 
low (L) and high (H) fall growth were compared. While all Norseman germplasms are hardy and 
exhibit high RootCA RI transcript levels beginning in November, selection for greater fall dormancy 
(CUF 101-L) in the nondormant cultivar CUF 101 (CUF 101-O) reduced winter injury and enhanced 
RootCARI transcript abundance in taproots (box). Selection for less fall dormancy in CUF 101 
(CUF 101-H) did not alter height or RootCARI transcript levels compared to CUF 101-0, both of 
which were low in December compared to CUF 101-L. Adapted from Cunningham et al., 2001. 
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concentrations in taproots by 50% in December. Steady-state transcript level 
in December for a cold acclimation-responsive gene (RootCAR1) was also 
increased in taproots of CUF 101-derived populations selected for increased 
dormancy (Cunningham et al., 2001). These observations agree with results 
obtained, using a wide range of alfalfa cultivars differing in fall dormancy 
(Haagenson et al., 2003). Some of these physiological responses have also 
been observed during cold acclimation of suspension-cell cultures derived 
from fall dormant and fall nondormant alfalfa cultivars (Kalengamaliro 
et al., 2000). Cells derived from a fall-dormant cultivar were more freezing 
tolerant than were cells derived from a fall nondormant cultivar, and these 
differences were positively associated with soluble sugar accumulation. 
However, patterns of protein accumulation and gene expression in cold- 
acclimating cells of dormant and nondormant plants did not agree with 
observations obtained using field-grown plants. This suggests caution be 
used when extrapolating findings from cell-culture studies to predict plant 
responses in the field. 


C. IMPACT oF ENVIRONMENTAL FACTORS 
ON ALFALFA-FREEZING TOLERANCE 


1. Photoperiod and Temperature and Acquisition 
of Freezing Tolerance 


The environmental cues, leading to greater freezing tolerance of alfalfa, 
include both decreasing photoperiod and declining air temperatures. Photo- 
period and temperature interact in a cultivar-specific manner resulting in 
enhanced winter hardiness of alfalfa. Rapid changes in photoperiod that 
occur at Northern latitudes, like Alaska, are not perceived properly by 
cultivars adapted to regions located in the continental United States, and 
these plants do not cold acclimate or survive winter even though other 
conditions (temperature) are appropriate (Bula et al., 1956; Klebesadel, 
1971). Thus, rate of photoperiod change appears to be more important 
than photoperiod per se in initiating cold acclimation. Reducing photo- 
period without a reduction in temperature can increase alfalfa-freezing 
tolerance, but this response was cultivar specific (Hodgson, 1964). Cold 
resistance of fall nondormant cultivars, measured as electrolyte leakage 
from taproots, did not change with shortening photoperiods, whereas a 
significant decline in electrolyte leakage occurred for taproots of the winter 
hardy, fall-dormant cultivar “Ranger.” 

Temperature changes also have a key role in enhancing alfalfa cold- 
acclimation responses. Shih et al. (1965) indicated that cold temperatures 
are the primary cue that leads to the development and maintenance of alfalfa 
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cold hardiness. They observed a synergistic effect of cool temperatures and 
short photoperiods in reducing shoot height (an estimate of fall dormancy), 
and ultimately increasing winter hardiness. Differential accumulation of 
protein, RNA, and DNA was associated with genetic differences in cold 
acclimation and freezing tolerance. Thus, cold acclimation requires a signifi- 
cant expenditure of energy in overwintering organs. Swanson and Adams 
(1959) showed that temperature influenced taproot dark respiration rates 
more than photoperiod during cold hardening and that increased respiration 
was more pronounced in fall-dormant cultivars than in nondormant culti- 
vars. Schonhorst et al. (1957) examined autumn shoot height of 10 alfalfa 
cultivars differing in fall dormancy to alterations in photoperiod and tem- 
perature. The largest cultivar-related differences in shoot height occurred 
for plants grown at 15.5°C under a 12-h photoperiod. These differences 
were accentuated if plants at 15.5°C were transferred to —1°C during the 
12-h dark period. Similar increases in the intensity of cold-acclimation 
response have been observed with plants acclimated to temperatures just 
below freezing (Castonguay et al., 1995). Cold acclimation begins in autumn 
when the mean air temperature approaches 10°C and the acquisition of 
freezing tolerance accelerates as temperatures approach 5°C (McKenzie 
et al., 1988). Using electrical conductivity to relate changes in cold tolerance 
to acclimating temperatures, Woolley and Wilsie (1961) proposed cold unit 
accumulation as a model to predict the level of cold tolerance of alfalfa. 
They selected 15.6°C (60°F) at a 10-cm soil depth as the threshold tempera- 
ture, and summed the “‘cold units” after September 1 in Ames, IA. Cold unit 
accumulation was closely associated with reduction in electrolyte leakage 
from taproots. Plants were considered completely cold acclimated after 
100 cold units (in °F) had accumulated, at which time, autumn growth 
could be removed without risk of increased winter injury. This concept has 
not been tested thoroughly to determine its applicability to a broader array 
of agroecosystems, and as a result, this temperature-based cold-acclimation 
model remains location specific. 


2. Influence of Disease on Alfalfa-Freezing Tolerance 


A wide range of biotic and abiotic factors can influence alfalfa-freezing 
tolerance and winter survival. The impact of disease on alfalfa winter sur- 
vival is still poorly understood. The interactions among disease stress, winter 
hardiness, and stand age were recognized early in alfalfa cultivar develop- 
ment (Grandfield, 1934). Plant losses were attributed to three causes: inter- 
plant competition, bacterial wilt, and winter kill. Most plant death in Year 1 
was due to interplant competition (90%), with no impact of disease, and a 
minor effect of winter kill (10%). As the stand aged, plant losses due to 
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winter kill increased, especially for plants that were susceptible to bacterial 
wilt. Although disease stress can be a factor in alfalfa winter hardiness, 
current approaches for breeding for high-disease resistance ratings have 
not generally improved alfalfa persistence; a component of which is winter 
survival (Volenec et al., 2002). Regression analysis of persistence versus 
disease resistance rating revealed that only 24% of 37 trials gave the antici- 
pated increase in stand density with an increase in disease resistance ratings. 
The remaining trials exhibited no relationship between both traits, and in 
11% of the trials, stand persistence declined as disease resistance ratings 
increased. Clearly there is room to improve our understanding of how 
disease impacts alfalfa winter survival and long-term persistence. 


3. Impact of Soil Moisture on Alfalfa-Freezing Tolerance 


Poor drainage is known to reduce alfalfa persistence (Benoit et al., 1967). 
As tile line spacing decreased from none to 61-31 m, winter kill concomi- 
tantly declined from 87% to 62-44%. Poor drainage results in water on the 
soil surface forming ice sheets that quickly result in alfalfa death in winter. 
Sprague and Graber (1943) reported that encasing alfalfa in ice for 20 days 
or more completely kill the plants. These authors determined that injury was 
caused by factors in addition to the accumulation of CO, and limitation of 
O2, which required more than 20 days to be injurious. These results were 
confirmed by Smith (1952), where alfalfa encased in ice had 100% survival 
after 21 days, but 50% of plants died as duration of encasement was 
extended to 35 days. In this study, fall-dormant cultivars were found to be 
more tolerant of ice encasement than were nondormant cultivars. This 
differential survival might be attributable to higher rates of dark respiration 
allowing injurious levels of CO, to be reached sooner in nondormant than in 
fall-dormant cultivars. Ice sheet formation under saturated soil conditions 
for 50 days kill virtually all the alfalfa without impacting root moisture 
content (Freyman and Brink, 1967). Carbon dioxide levels in ice-covered 
soil increased to 5%, while Oz concentrations were depleted to less than 10% 
in 50 days. Intermittent flushing of air, N2, or O2 through soil of ice-covered 
alfalfa (21 days) increased survival and plant vigor whereas intermittent 
flushing with CO, killed all plants. The authors concluded that ice sheets 
are barriers to CO, diffusion, permitting this gas to accumulate to levels that 
are toxic to alfalfa (Freyman, 1969). Using plants enduring simulated winter 
conditions in an unheated greenhouse, Bertrand et al. (2001, 2003) observed 
a Significant reduction in regrowth of alfalfa progressively conditioned to 
declining O and rising CO, during autumn hardening and subsequently 
maintained under anoxic conditions many weeks during winter. A switch to 
energy-inefficient anaerobic respiration accelerated the use of carbon and 
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nitrogen reserves with profound consequences with regard to substrate 
availability for regrowth and the accumulation of potentially phytotoxic 
end products like ethanol. 


4. Fertilization and Alfalfa Winter Hardiness 


Plant nutrition, and especially potassium (K) application, is one manage- 
ment factor that is generally thought to improve alfalfa winter hardiness. 
Wang et al. (1953) showed that raising pH from 5 to 6.5 reduced winter 
killing from 90% to 50%. Addition of P and K at pH 6.5 further reduced 
winter killing from 50 to less than 20%. These authors reported that low- 
taproot protein concentrations were associated with high-winter killing 
under low pH conditions. In contrast, most other reports indicate no impact, 
and occasionally a negative impact of enhanced P and K nutrition on 
alfalfa winter hardiness. For example, Megee (1935) reported that fertiliza- 
tion with 0-8-24 increased electrolyte leakage (an indirect indicator of injury) 
from taproots of cold-acclimated alfalfa when compared to unfertilized 
plants. As expected, the nondormant cultivar “Arizona Common” had 
much greater electrolyte leakage than the fall-dormant cultivar ‘““Hardigan.”’ 
Moisture content of taproots from dormant and nondormant cultivars did 
not differ but was less in both groups in winter than in early autumn and 
spring. Gross et al. (1958) studied eight alfalfa cultivars to determine how 
Pand K influenced persistence and yield in Iowa. Plant density decreased with 
P fertilization and was not influenced by K fertilization. This agrees with a 
study in Alaska, where K increased forage yield but did not alter persistence 
(Klebesadel and Brinsmade, 1966). Interaction between cultivar and autumn- 
cutting management can influence the response of alfalfa to changes in 
soil fertility. While autumn-cutting management and P, K, and P + K fertility 
did not consistently influence alfalfa winter hardiness, plant density and 
forage yield of “DuPuits” alfalfa was reduced the following spring if forage 
was harvested mid-September in plots not fertilized with K (Tesar and Yager, 
1985). Levels of root TNC were not altered by autumn-cutting management 
and K and P fertilization. These reports of minor effects of P and K on alfalfa 
winter hardiness agree with results from Indiana, where frequent plant counts 
revealed plant death occurring almost exclusively in summer and not in winter 
(Berg et al., 2005). While K had no influence on alfalfa persistence in this 
study, plant densities were significantly reduced with P fertilizer applications. 
Nevertheless, forage yield was greatest for plots provided adequate levels of 
both P and K. Part of the confusion regarding the influence of P and K on 
alfalfa winter survival may result from inaccuracies associated with estimat- 
ing plant densities by counting crowns from aboveground instead of directly 
digging and counting plants. 
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5. Autumn-Cutting Effects on Winter Hardiness 
and Taproot Reserves 


Autumn-cutting strategies and their impact on alfalfa winter hardiness 
remains a topic of continued debate. Willard (1930) was among the first to 
propose that a period of uninterrupted growth in autumn was necessary 
for winter survival in Ohio so taproot reserves could accumulate prior to 
the onset of winter. Other work in Michigan showed that plants cut in 
September had fewer crown buds, fewer stems, and lower yield the next spring 
than plants left uncut or those cut in October (Silkett et al., 1937). Electrolyte 
leakage from taproots and winter kill were greater for September-cut plants 
than uncut or October-cut plants. Not all findings indicate that autumn 
cutting leads to reduced winter survival and spring vigor. Plant persistence 
and taproot carbohydrate-reserve levels were not reduced by autumn cutting 
in Oklahoma (Sholar et al., 1983) or Michigan (Tesar and Yager, 1985). Other 
studies indicate that autumn cutting, which follows intensive harvest sche- 
dules in summer (35 day or less), can reduce winter hardiness (Brink and 
Marten, 1989; Sheaffer et al., 1992). Using cultivars that differ in fall dor- 
mancy Haagenson et al. (2003) reported that both winter hardiness and 
spring vigor in Indiana, United States are reduced by harvesting a fifth time 
(ca. 30-days intervals) in early October (Fig. 4). 

One attribute of alfalfa that has long been the focus of studies on the 
mechanisms controlling alfalfa-freezing tolerance and winter hardiness is 
TNC reserves. Failure of alfalfa to survive winter has been generally attrib- 
uted to low-TNC reserves in taproots at the onset of winter. Despite its wide 
acceptance by agronomists, there is little experimental evidence supporting 
this popular concept. Early work compared taproot TNC levels of legume 
species and found a positive relationship between TNC concentrations 
and species-related variation in winter hardiness (Bula and Smith, 1954). 
These authors also observed an extensive conversion of starch to sugars 
during cold acclimation, along with increased taproot N concentrations. 
Later work (Bula et al., 1956) found no association between taproot TNC 
concentrations and winter survival among alfalfa cultivars. They, however, 
observed greater accumulation of N reserves in taproots of winter-hardy 
cultivars when compared to a nonhardy alfalfa cultivar adapted to the 
southwest United States. Mass of etiolated shoot growth from crowns of 
dark-grown alfalfa plants also has been used to assess the amount and 
availability of taproot organic reserves and its relationship to winter survival 
(Klebesadel, 1971). However, like TNC concentrations, the relationship 
between etiolated shoot growth from plants at winter dormancy and alfalfa- 
freezing tolerance is poor. While work confirms that root TNC concentration 
is not a good indicator of the genetic potential for freezing tolerance, other 
taproot constituents, including individual soluble sugars that comprise the 
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Figure 4 Influence of shoot removal in October on appearance and vigor of new shoots the 
following April (photo) and on winter injury and shoot height (a measure of spring vigor) in 
April. Cultivars differed in fall dormancy with Q60 being the most dormant (FD = 3) to 5939 
(FD = 9). Adapted from Haagenson et al. (2003). 
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root TNC pool and several N pools, are better related to freezing tolerance 
(Castonguay et al., 1995; Cunningham et al., 1998, 2001; Dhont et al., 2003; 
Haagenson et al., 2003). Therefore, mechanistic models describing alfalfa 
winter hardiness and freezing tolerance must include factors beyond the 
traditional notion that root TNC reserves control alfalfa persistence. 


HI. MOLECULAR BASES OF WINTER SURVIVAL: 
CURRENT UNDERSTANDING 
AND EMERGING CONCEPTS 


A. TOLERANCE To FREEZE-INDUCED DESICCATION 
AND Corp HARDINESS OF ALFALFA 


Freezing of water is the single most critical event in respect to cold hardi- 
ness of plants (Junttila and Robberecht, 1999). McKenzie et al. (1988) pointed 
out that winterhardiness of alfalfa is determined to a large extent by its 
freezing tolerance and the improvement of this trait should result in superior 
field survival. The paradigm on the physiological and biochemical traits 
required for freezing temperature tolerance is based on the recognition 
that (1) the plasma membrane is the primary site of freezing injury and (2) 
maintenance of the semipermeability of cell membranes after a freeze-thaw 
cycle is a prerequisite to plant survival (Steponkus and Webb, 1992). De- 
tailed aspects of cell water relations in frozen tissues have been extensively 
reviewed by Guy (1990), Reaney and Gusta (1999), and Mazur (2004). 
Intracellular freezing being a lethal event, cold-adapted plants have evolved 
mechanisms to allow either substantial supercooling of the cell solution or to 
initiate ice nucleation in the extracellular spaces. The exact causes of freezing 
damage in many herbaceous perennial plants, including alfalfa, are still 
undetermined. In supercooled tissues, heterogeneous nucleation in the pres- 
ence of ice nucleators can trigger lethal intracellular freezing. However, it is 
assumed that damage largely occurs as a result of extracellular freezing that 
imposes a dehydrative force on the unfrozen solution and ultimately kills 
cells (Pearce, 2004). In some cases, damage can be caused by the growth of 
extracellular ice masses that crush tissues. The freeze-induced desiccation of 
the cytosol is driven by the lower chemical potential of ice than that of water 
at a given temperature. The vapor pressure deficit that is thus generated 
between the extracellular spaces and liquid water inside the cell rapidly 
expands with decreasing temperatures generating extensive desiccation 
forces. Pearce (1988) estimated that at a temperature of —18.6°C, which 
cold-acclimated rye (Secale cereale L.) and alfalfa can tolerate for short 
period of time, about 90% of cell water has been lost with a concomitant 
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large reduction in cell volume. The hypothesis that tolerance to freezing and 
desiccation share, to some extent, the same molecular bases of adaptation is 
supported by observations that limited desiccation can increase freezing 
tolerance at temperatures that normally would not induce cold acclimation 
(Cloutier and Andrews, 1984). Exogenous application of the water stress- 
related growth regulator abscisic acid (ABA) can induce freezing tolerance in 
whole plants (Rikin et al., 1975) and cell cultures (Orr et al., 1985) of alfalfa. 
Cold-inducible proteins and genes were also shown to be synthesized in 
ABA-treated cells of alfalfa in the absence of low-temperature induction 
(Mohapatra et al., 1988a,b). However, Mohapatra et al. (1988a) noted only 
a partial increase in freezing tolerance in ABA-treated cells highlighting 
the specificity of the low-temperature signal and its requirement for the 
development of maximum freezing tolerance. 

Theories that relate the manifestation of injuries to the dehydration of the 
plasma membrane or that emphasize the damaging effects of the concentra- 
tion of intracellular solutes in the unfrozen cell solution are still debated 
(Mazur, 2004). Ultimately, cold-induced desiccation will affect the functional 
properties of macromolecules and will promote phase separation or the 
formation of nonlamellar domains in membranes (Uemura et al., 1995). 
Consequently, key adaptive traits for superior cold tolerance of alfalfa are 
expected to be found among factors controlling the location, the growth 
rate, and the propagation of ice within the plants and among molecular 
changes that will help stabilize membranes and proteins in the dehydrated 
state. Thus, freezing tolerance is a complex trait that requires a coordinated 
set of physiological and biochemical mechanisms and the regulation of 
numerous genes. 


B. Coxp-InpucED ACCUMULATION OF CRYOPROTECTIVE SUGARS 


Low temperature-induced accumulation of soluble sugars plays an impor- 
tant role in the acquisition of cold tolerance in plants (Guy, 1990). One of the 
most common and abundant soluble sugars that accumulates at low temper- 
ature is sucrose (Suc). The protective action of cold-induced accumulation of 
soluble sugars could derive from their colligative effect, reducing the amount 
of water lost during extracellular freezing (Santarius and Giersch, 1983). 
Noncolligative mechanisms whereby soluble sugars could help stabilize 
macromolecules and membranes in freeze-desiccated cells have also been 
proposed (Anchordoguy et al., 1987; Crowe et al., 1992). These two mechan- 
isms might occur simultaneously and results from the action of different 
types of soluble sugars (Pearce, 1999). 

Starch hydrolysis with the concomitant accumulation of large amounts of 
nonreducing soluble sugars, mostly Suc, are known to occur in crowns and 
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taproots of alfalfa and have been positively associated with winterhardiness 
(Castonguay et al., 1995; Cunningham et al., 1998, 2001; McKenzie et al., 
1988). Cunningham et al. (2001) reported a strong negative relationship 
(1? = 0.92) between taproot sugar concentration and winter injury. Winter- 
hardy cultivars and germplasms had taproot sugar concentrations in excess 
of 100 mg g`" dry weight, whereas plants that exhibited severe injury and 
death over winter had taproot sugar concentrations of 50 mg g`! dry weight 
or less. Early onset of taproot sugar accumulation was also positively 
associated with genetic variation in winter hardiness (Cunningham et al., 
1998). Fall-dormant, winter-hardy cultivars have a nearly linear increase 
in taproot sugar concentrations between late summer and late autumn, 
whereas nondormant, alfalfa cultivars begin to accumulate sugar in taproots 
during the last month of autumn. The maximum accumulation of soluble 
sugars in crowns of field-hardened alfalfa coincided with the occurrence 
of maximum freezing tolerance in winter (Paquin and Lechasseur, 1982). 
Sucrose accumulation during cold acclimation of alfalfa has been linked 
to a rise in sucrose phosphate synthase (SPS) activity, a key enzyme in 
Suc biosynthesis (Castonguay and Nadeau, 1998). Increases in freezing 
tolerance correlating with leaf Suc content have been observed in transgenic 
Arabidopsis overexpressing SPS (Strand et al., 2003). The SPS activity in 
Deschampia antartica, a very freezing-tolerant grass with an unusually high 
content of Suc in leaves could not be related to an increase in SPS gene 
expression or protein content highlighting the importance of nontranscrip- 
tional controls of this enzyme activity (Zufiga-Feest et al., 2005). Although 
Suc typically accumulates to very high concentrations in cold-hardened 
alfalfa, Castonguay et al. (1995) reported a lack of relationship between 
midwinter freezing tolerance and Suc levels in crowns (Fig. 5A). This obser- 
vation clearly indicates that variation in the level of this disaccharide is not a 
determinant factor of superior winter hardiness of alfalfa. Analysis of 
the relationship between freezing tolerance and elevated Suc in transgenic 
Arabidopsis with suppressed vacuolar invertase activity suggested an indirect 
contribution of Suc to the cold-acclimation process (Klotke et al., 2004). 
These authors proposed that the adaptive value of cold-induced Suc accu- 
mulation could be partly mediated through its impact on the synthesis of 
other key metabolites like raffinose, proline (Pro), and glutamine. 

Increase in raffinose family oligosaccharides (RFO), which include the 
sucrosyl-galactosides raffinose and stachyose, have been related to the 
acquisition of tolerance to a number of environmental stresses, including 
dehydration (Downie et al., 2003), heat (Panikulangara et al., 2004), and 
cold (Liu et al., 1998; Stushnoff et al., 1998). Castonguay et al. (1995) ob- 
served a close relationship between the capacity of alfalfa cultivars to accu- 
mulate small amounts of the oligosaccharides stachyose and raffinose 
and freezing tolerance (Fig. 5B). These RFO initially undetectable in 


220 Y. CASTONGUAY ETAL. 























A Sucrose B Stachyose 

250 30 

—s#— Rambler 

200 + 254 —m— CUF 101 
> 20 + —e— Apica 
O 150 - 
D> 154 
© 100 ~ 
E 10 N| 

50 - 5- 

O-=— I ee 0 TE 
OCT15 DEC15 FEB15 APR15 OCT15 DEC15 FEB15 APR15 


Figure 5 Accumulation of Suc and stachyose (mg g`" dry weight) in crowns of very hardy 
(Rambler), hardy (Apica), and nonhardy (CUF 101) alfalfa cultivars during cold acclimation 
in autumn and the reduction in sugar levels as plants deharden in spring. Adapted from 
Castonguay and Nadeau (1998). 


unacclimated crowns of alfalfa, accumulate later in autumn than Suc at the 
time when soil temperatures are near freezing. Cunningham et al. (2003) 
reported a positive association between RFO accumulation in December 
and genetic differences in winter survival of alfalfa providing further evidence 
for an adaptive role in the determination of winter hardiness potential 
(Fig. 6). It has been postulated that RFO confer stress protection through 
the promotion of a glassy state that helps protect macromolecular structures 
in desiccated cells (Leopold, 1990). Alternatively, they may help stabilize 
membranes by directly interacting with polar head groups of phospholipids 
(Crowe et al., 1992). 

The synthesis of raffinose, the first member of the RFO series, results 
from the transfer of a galactosyl unit from the donor molecule galactinol to 
Suc (Peterbauer and Richter, 2001). Larger RFO are produced by the 
sequential transfer of additional galactose from the same donor molecule 
or through a galactinol-independent pathway involving the transfer of 
galactose unit from one RFO molecule to another (Bachman et al., 1994). 
Galactinol is synthesized from UDP-galactose and myo-inositol by the 
action of galactinol synthase (GaS). GaS catalyzes the first committed step 
in the synthesis of RFO and is thought to play a key regulatory role in 
that pathway (Peterbauer and Richter, 2001). A central role for GaS is 
confirmed by the numerous reports of a positive correlation between GaS 
activity and RFO content (Castonguay and Nadeau, 1998; Handley et al., 
1983; Saravitz et al., 1987). The induction of the RFO synthesis pathway 
during cold acclimation has been associated with an increase in the levels 
of the GaS transcripts in Arabidopsis (Klotke et al., 2004; Liu et al., 1998) 
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Figure 6 Relationship between rank of winter hardiness and Suc or raffinose family oligo- 
saccharide (RFO, sum of raffinose and stachyose) concentrations in taproots of alfalfa germ- 
plasms selected for contrasting fall dormancy (A). Transcript levels for galactinol synthase (B), 
the first committed step in RFO synthesis, are higher in November for the fall dormant, winter 
hardy-Norseman and the fall dormant, winter-hardy selection of CUF 101 (CUF 101-L, see 
Fig. 3) when compared to the nondormant germplasms CUF 101-O and CUF 101-H (box). 
Adapted from Cunningham et al. (2003). 


and alfalfa (Cunningham et al., 2003) (Fig. 6). A close link between RFO 
accumulation and stress tolerance is further supported by an enhanced 
tolerance to drought in transgenic plants of Arabidopsis overexpressing a 
drought-induced GaS (Taji et al., 2002). 

Warm temperature regulates RFO catabolism by increasing the activity 
of a-galactosidase (a-gal). This enzyme hydrolyzes RFO during deacclima- 
tion releasing the terminal galactose moieties. Pennycooke et al. (2004) 
observed a rapid increase in o-gal transcripts in cold-acclimated plants of 
petunia (Petunia x hybrida “Mitchell’’) within 1 h after transfer to warm 
temperature. The induction of a-gal expression was accompanied by an 
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increase in the enzymatic activity and a decrease in raffinose content. Down- 
regulation of o-gal in transgenic petunia led to an increase in freezing 
tolerance, whereas its overexpression caused a decrease in both raffinose 
levels and freezing tolerance (Pennycooke et al., 2003). Activity of a-gal 
increased sharply during spring dehardening of alfalfa and was coincident 
with the disappearance of RFO (Castonguay and Nadeau, 1998). However, 
the fact that a-gal activity did not differ between three alfalfa cultivars with 
contrasting RFO accumulation during winter indicates that this enzyme is 
not a major metabolic control point of the genetic variability for their 
accumulation. 

In spite of the numerous reports on the adaptive value of cold-induced 
accumulation of soluble sugars, and more specifically RFOs, uncertain- 
ties still remain on their overall contribution to the determination of cold 
tolerance in alfalfa. For instance, Haagenson et al. (2003) observed an 
unexpected relationship between increased taproot soluble sugars (Suc and 
RFO) and reduced winter survival in alfalfa that had been defoliated in 
autumn. This was consistent with the separate report by Dhont et al. (2002) 
of increases in alfalfa root sugar levels in two winter-hardy cultivars that 
were defoliated in autumn. This apparent contradiction might be partly 
resolved by the observation by Dhont et al. (2006) that winter survival, as 
indicated by plant density in the spring, was closely related to higher con- 
centrations of soluble sugars in roots of alfalfa that had been defoliated early 
in the previous autumn. This could also reflect the fact that freezing toler- 
ance involves multiple mechanisms, of which nonreducing sugars constitute 
only one factor. In addition, selection for greater winter hardiness does not 
always result in accumulation of sugars, proteins, and amino acids in all 
genetic backgrounds (Weishaar et al., 2005). This implies that multiple, but 
equally effective, cold-acclimation responses may exist in this species. Never- 
theless, based on the cumulated evidence on their adaptive value, there 
should be focused efforts to identify and characterize allelic forms of GaS 
and «-gal genes associated with superior RFO levels in alfalfa. Once they are 
characterized, these genes could then be used to alter RFO metabolism and 
help clarify their cold-adaptative value and the eventual benefits of this trait 
in the improvement of freezing tolerance of alfalfa. 


C. Amino Acrps 


Free amino acids were shown to accumulate in taproots and crowns 
during cold acclimation of alfalfa (Dhont et al., 2003; Hendershot and 
Volenec, 1993). A marked increase in free Pro in roots of alfalfa during 
cold acclimation has long been documented (McKenzie et al., 1988; Paquin, 
1984). Proline is a widespread compatible osmolyte that accumulates to high 
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concentrations in many plant species following exposure to environmental 
stress (Rai, 2002). Whether Pro accumulation confers stress tolerance or is a 
consequence of stress-induced metabolic imbalance is still a matter of debate 
(Lutts et al., 1999; Wanner and Junttila, 1999). Many functions have been 
assigned to Pro, such as mediator of osmotic adjustment (Handa et al., 
1986), a free radical scavenger (Hong et al., 2000), a macromolecular struc- 
ture stabilizer (Ain-Lhout et al., 2001), a redox potential buffer (Hare et al., 
1998), and a nitrogen source in stressed cells (Chiang and Dandekar, 1995). 
Direct evidence supporting the role of Pro in stress tolerance was provided 
by mutant and transgenic Pro-overproducing plants (Dörffling et al., 1993; 
Hong et al., 2000; Roosens et al., 2002; Summaryati et al., 1992). 

In higher plants, Pro is synthesized by either the glutamate or ornithine 
pathway. The enzyme A!-pyrroline-5-carboxylate synthetase (P5CS), which 
catalyzes a rate-limiting step in Pro synthesis in the glutamate pathway, is 
critical to plant response to abiotic stresses (Hong et al., 2000; Kavi Kishor 
et al., 1995). Activity of PSCS was shown to be cold inducible and essential 
for low temperature (4°C) tolerance of rice (Oryza sativa L.) (Hur et al., 
2004). Conflicting observation that genetic variability in osmotically induced 
Pro accumulation in rice cultivars of contrasting cold tolerance was not 
related to a change in P5CS regulation raised questions on the general 
adaptive value of this enzyme (Hien et al., 2003). Two P5CS genes are 
present in the Medicago sativa and Medicago truncatula genomes, and Pro 
accumulation under osmotic stress was preceded by an increase in P5CS 
transcript level in both species (Armengaud et al., 2004; Ginzberg et al., 
1998). Proline also can be synthesized from ornithine through the action of 
the enzyme ornithine -amino transferase (6-OAT). Both ornithine and 
glutamate pathways were shown to be regulated at the transcriptional level 
in response to osmotic stress, and to contribute to Pro accumulation in 
M. truncatula (Armengaud et al., 2004). Transgenic lines of Arabidopsis, 
expressing an antisense construct of the Pro-degrading enzyme Pro dehydro- 
genase, were found to be more tolerant to freezing and high salinity than 
wild-type plants (Nanjo et al., 1999). No information is available on the 
transcriptional regulation of Pro synthesis or degradation in Medicago sp. at 
low temperature. 

Apart from Pro, the concentrations of arginine (Arg) and histidine (His) 
also markedly increased in alfalfa taproots during cold acclimation in 
autumn (Dhont et al., 2003). Although the kinetics of Arg accumulation 
was consistent with a potential association with the acquisition of cold 
tolerance, further investigation will be required to elucidate its function in 
overwintering plants. Svenning et al. (1997) noted superior Arg accumula- 
tions in winter-hardy populations of white clover (Trifolium repens L.). 
A clearer understanding of the protective role(s) of cold-induced accu- 
mulation of Pro, Arg, and His and the mechanisms that control their 
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accumulation are prerequisites to their use as selection criteria in plant- 
breeding programs or their overproduction in transgenic plants as strategies 
to improve winterhardiness of alfalfa. 


D. Mooptrication or GENE Expression AT Low TEMPERATURE 


With the advent of molecular biology, significant insights have been 
gained in the last 25 years in our understanding of the genetic bases of the 
cold-acclimation process in plants (Thomashow, 2001). The hypothesis that 
the acquisition of cold tolerance during hardening in autumn relies on the 
transcriptional activation of a set of genes with the ensuing accumulation of 
new proteins was initially proposed by Weiser (1970). The first experimental 
evidence to support Weiser’s hypothesis of altered gene expression in plants 
exposed to low temperature was the report by Guy et al. (1985) on the 
accumulation of new translatable mRNAs in spinach leaves exposed to 
low temperature. Numerous studies since then have confirmed the occur- 
rence of cold-induced accumulation of new transcripts in many plant species, 
and extend the concept of low temperature induced changes in gene expres- 
sion also to include the downregulation of transcription of a specific set of 
genes (Pearce, 2004). Although transcriptional regulation has often been 
shown to be involved, changes in gene expression also may result from 
alterations in the stability and translatability of mRNA at low temperature 
(Gilmour et al., 1988). A great diversity of cold-regulated (COR) genes have 
been isolated and characterized, and in some cases relevant information has 
been gained on the function of the protein products (Thomashow, 1998). 
The products of these genes can be broadly categorized into proteins that 
mechanistically protect plants against environmental stresses or that control 
the expression of target genes (Seki et al., 2004). However, very little is still 
known on the adaptive value of COR genes and their relative contribution to 
the development of freezing tolerance. Consequently, practical applications 
using this large body of knowledge are still lacking, although promising 
approaches are emerging. Research strategies are attempting to distinguish 
changes in gene expression that alter growth at low temperature or resistance 
to low-temperature pathogens from those that have a major impact on the 
development of freezing tolerance. As pointed out by Xin and Browse 
(2000), the assessment of the relative contribution of each COR gene is a 
formidable challenge often met with limited success since multiple genes are 
expected to act in concert to increase freezing tolerance. 

A significant amount of research has long been devoted to the elucidation 
of the genetic bases of cold acclimation in alfalfa. The analysis of soluble 
proteins composition during cold hardening of alfalfa revealed qualitative 
and quantitative variations in profiles of protein extracts from cold-hardened 
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and control plants (Coleman et al., 1966; Gerloff et al., 1967). Many quanti- 
tative and qualitative differences between cold-tolerant and cold-sensitive 
alfalfa cultivars were revealed through the analysis of hydrolytic enzymes 
profiles (Krasnuk et al., 1978). The observation of an additional esterase 
band uniquely detected in a cold-tolerant cultivar was the first instance of a 
potential link between the accumulation of a specific gene product and cold- 
hardiness potential in alfalfa. Using in vivo and in vitro labeling of polypep- 
tides, Mohapatra et al. (1987a,b) obtained confirmatory evidence that several 
proteins were increasingly or newly synthesized during cold acclimation of 
alfalfa seedlings and related some of these changes to the induction of a new 
set of translatable mRNAs. Castonguay et al. (1993, 1997b) confirmed the 
occurrence of extensive changes in the populations of translatable mRNAs 
extracted from crowns of alfalfa cold-acclimated under either environmen- 
tally controlled or natural winter conditions. These studies identified a 
number of COR translation products that were more abundant or that 
specifically accumulated in cold-tolerant cultivars. 

Freezing-tolerant and freezing-sensitive cultivars of alfalfa appear to 
share similar COR gene complements; however, noticeable differences exist 
in the rate and extent of expression in response to cold. Castonguay et al. 
(1998) documented extensive genotypic variability for cold-induced accumu- 
lation of COR gene products and RFO within populations of alfalfa. 
Marked differences in the cold-induced accumulation of RFO between 
propagated clones from genotypes selected for their contrasting RFO levels 
confirmed that variations in molecular changes that occur at low tempera- 
ture are under some level of genetic control. In other words, genes present in 
the genome of cold-sensitive cultivars or genotypes within cultivars fail to be 
expressed in a timely manner in response to environmental cues. Kaur and 
Gupta (2005) point out that although most of the biochemical mechanisms 
required for the acquisition of stress tolerance are present in all species, the 
ability to perceive and transduce the external signals into a series of molecu- 
lar events leading to physiological responses can differ widely among geno- 
types within a species. An understanding of the genetic determinants of these 
differences could have important implications in plant-breeding programs 
and the development of biotechnological approaches for the improvement of 
winter hardiness. 


1. Low-Temperature Signal Transduction 


In spite of the major research efforts being devoted to the study of the 
control of gene expression, signal-transduction pathways involved in the 
activation of COR genes are still largely unknown. Advances are slowed 
by the complexity and multilevel redundancy of the controls. Under a given 
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set of environmental conditions, the expression of genes involved in different 
physiological processes or that accumulate in a specific cell type or plant 
organ must be coordinated by different signal mechanisms. There is a 
growing body of evidence that the mechanisms controlling gene expression 
vary considerably between genes (Hirt, 1999). Different stresses provide cells 
with different information making stress-signaling pathways a very complex 
and intricate web (Knight and Knight, 2001). There also are indications for 
the occurrence of significant overlap between drought, salinity, cold, and 
ABA signal-transduction pathways (Kreps et al., 2002). In that context, it is 
difficult to sort out key regulatory genes that control the expression of genes 
of interest among the whole cascade of events. 

Increased cytosolic calcium (Ca”*) concentration, as a key component of 
the signal-transduction pathway for low temperature and other environmen- 
tal stresses, has been well documented (Sanders et al., 1999). The low- 
temperature signal is initially perceived through its effect on membrane 
fluidity with increased rigidity promoting acclimation and enhanced fluidity 
preventing it (Sangwan et al., 2002). Increased membrane rigidity can trigger a 
rapid and transient increase in cytosolic Ca?™ through an influx from the 
apoplast and evoke changes in membrane potential that may act as a primary 
stress signal (Krol et al., 2004). These early events are followed by the produc- 
tion of secondary messengers and growth regulators like inositol triphosphate 
(IP3) and ABA that stimulate further influx of Ca**. Ultimately, the Ca?” 
signal is transduced via a cascade of protein phosphorylation involving calcium 
sensors (e.g., calmodulin, calcineurin B-like proteins), protein kinases, and 
protein phosphatases that can activate transcription factors and induce changes 
in gene expression (Kaur and Gupta, 2005). 

Research conducted with alfalfa cell-suspension cultures has contributed 
significantly to the elucidation of the essential role of Ca?™ in the cold- 
acclimation process. For instance, the use of the Ca** channel blocker lan- 
thanum (La**) to prevent its influx from the apoplast or antagonists of 
calmodulin and Ca?-dependent protein kinases (CDPK) concomitantly 
inhibited the development of freezing tolerance, cold-induced changes in 
protein phosphorylation, and the accumulation of transcripts of COR genes 
(Monroy et al., 1993a). Conversely, artificially induced increases in cytosolic 
Ca?” in the absence of cold temperatures triggered the expression of COR 
genes (Monroy and Dhindsa, 1995). A reorganization of the cytoskeleton was 
shown to be an important component of low-temperature transduction in 
alfalfa cell-suspension cultures, establishing a link between increased mem- 
brane rigidity and Ca?” influx at low temperature (Örvar et al., 2000). Strong 
upregulation of a CDPK at low temperature (Monroy and Dhindsa, 1995) 
and cold-inactivation of protein phosphatase 2A (Monroy et al., 1998) 
provides additional support to a role for Ca”t-induced changes in protein 
phosphorylation as an important component of the cold-acclimation 
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response of alfalfa. A sequence of low-temperature signaling events involv- 
ing COR protein phosphorylation in alfalfa was further substantiated by the 
transient cold-activation of a specific mitogen-activated protein kinase 
(MAPK) (Jonak et al., 1996). The MAPKs are an important part of signal 
transduction networks and have been ubiquitously involved in plant 
responses to environmental stresses (Hirt, 2000). The low-temperature in- 
duction of the alfalfa MAPK has been linked to increased membrane rigidity 
using chemical modulators of membrane fluidity (Sangwan et al., 2002). 
The transcriptional control of stress-regulated genes typically requires the 
binding of transcription factors to target cis-acting elements located up- 
stream of their coding sequence in the promoter region. Transcription 
factors modulate gene expression through sequence-specific DNA binding 
and/or protein-protein interactions (Zhang et al., 2005). A number of tran- 
scription factors that belong to various gene families have been shown 
to activate the expression of stress-regulated genes (Kizis et al., 2001). The 
C-repeat—binding factor (CBF)/dehydration response element binding 
(DREB) that belong to the APETALA 2 (AP2)/ethylene response element- 
binding factor (EREBP) family of proteins is by far the best understood and 
most extensively studied stress-regulated transcriptional system in plants. 
The CBF genes were initially shown to be rapidly and transiently induced 
by cold and to activate the expression of a number of target genes in 
Arabidopsis (Thomashow, 2001). The expression of more than 100 genes 
known as the CBF regulon is induced by CBF-transcription factors 
(Maryama et al., 2004; Vogel et al., 2005). Low-temperature expression of 
CBF is itself under the regulation of positive (Chinnusamy et al., 2003; 
Zarka et al., 2003) and negative (Novillo et al., 2004; Vogel et al., 2005) 
transcriptional controls. Ectopic expression of CBF/DREB genes in plants 
improves cold tolerance in the absence of low-temperature stimulus (Jaglo- 
Ottosen et al., 1998). This increase in freezing tolerance is associated with the 
production of cryoprotective polypeptides and the accumulation of compati- 
ble solutes like Suc, raffinose, and Pro (Gilmour et al., 2000, 2004). These 
observations are consistent with the induction of GaS transcription (Gilmour 
et al., 2004) and extensive metabolome reconfiguration (Cook et al., 2004) 
mediated by CBF expression in nonacclimated plants of transgenic 
Arabidopsis. Components of the CBF/DREB cold-response pathway are 
entirely or partly conserved in many plant species, including the cold-tolerant 
Brassica napus, wheat (Triticum aestivum L.), rye (Jaglo et al., 2001), and 
barley (Hordeum vulgare L.) (Choi et al., 2002) and the chilling-sensitive maize 
(Z. mays L.) (Qin et al., 2004b), rice (Choi et al., 2002), tomato (Lycopersicon 
esculentum Mill.) (Zhang et al., 2004b), and pepper (Capsicum annuum L.) 
(Yi et al., 2004). This indicates that the CBF-response pathway cannot by 
itself confer freezing tolerance and that the presence of adaptive genes that are 
responsive to transcriptional regulators is required for the development 
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of cold tolerance. CBF-homologues have been found in EST collections of 
both M. truncatula (http://(www.comparative-legumes.org/) and M. sativa 
(S. Laberge, personal communication). Zhang et al. (2005) reported that the 
overexpression of a putative AP2 domain-containing transcription factor 
gene isolated from the model legume M. truncatula enhanced drought toler- 
ance in transgenic alfalfa. Whether the CBF-response pathway is operative 
during cold acclimation of alfalfa still remains to be established. 

Although considerable attention is being devoted to the CBF/DREB family 
of transcription factors, there is evidence that multiple CBF-independent 
pathways are also involved in the cold-acclimation response (Kreps et al., 
2002; Vogel et al., 2005; Zhu et al., 2004). Fowler and Thomashow (2002) 
noted that many COR genes do not contain the C-repeat (CRT) element 
recognized by CBF in their promoter regions and that the CBF regulon high- 
lighted by microarray analysis of CBF transgenic plants does not include 
all COR genes. Based on bioinformatic analysis of 514 COR transcripts, 
Vogel et al. (2005) concluded that Arabidopsis COR genes could be classified 
into seven distinct expression groups, and identified multiple potential 
cis-acting cold-regulatory elements. This estimate is supported by evidence 
for the involvement of other families of transcription factors in the mediation 
of cold acclimation, including homeodomain transcription factors (Zhu et al., 
2004), zinc-finger proteins (Kim et al., 2001, 2005; Mukhopaday et al., 2004; 
Sakamoto et al., 2004; Vogel et al., 2005), MYB transcription factors (Mattana 
et al., 2005; Zhu et al., 2005b), NAC domain protein family (Nogueira et al., 
2005), and basic helix-loop-helix proteins (Wang et al., 2003). A MYB tran- 
scription factor was shown to regulate the expression of low-temperature genes 
through the control of ABA biosynthesis and acquisition of tolerance to freeze- 
induced dehydration. Many COR genes were shown to be inducible by ABA 
as well as by cold (Shinozaki and Yamaguchi-Shinozaki, 2000) and allelic 
Arabidopsis mutants defective for a key regulator of ABA biosynthesis also 
exhibit impaired expression of genes induced by cold and osmotic stress (Xiong 
et al., 2001). A soybean (G. max L. Merrill) zinc-finger protein, SCOF-1, 
interacts with a transcription factor that bind to ABA-responsive element 
(ABRE) and enhances its binding to ABRE (Kim et al., 2001). Constitutive 
expression of the SCOF-/ gene improved cold tolerance in transgenic plants of 
Arabidopsis in the absence of low-temperature stimulus. 

Whether the inheritance of specific forms of kinases or phosphatases, or 
activity of transcription factors is related to genetic variability of the cold- 
acclimation response within and among alfalfa populations/cultivars is still 
unknown. This certainly constitutes a logical target for research, considering 
the potential implications of identifying upstream regulators of the cold- 
acclimation process in the development of genetic material with superior 
freezing tolerance. The observation by Kawczynski and Dhindsa (1996) of 
cold stimulation of protein phosphorylation that was associated with 
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enhanced accumulation of cold-inducible, boiling-stable proteins in the 
freezing-tolerant alfalfa cultivar Apica to a greater extent than in the cold- 
sensitive cultivar Trek revealed the existence of clear genetic differences in 
cold signal response. Selections by Cunningham et al. (1998) for contrasted 
fall dormancy within parental lines having large initial differences in cold- 
acclimation responses constitute unique genetic resources to probe the 
molecular and genetic bases of alfalfa response to environmental changes 
in autumn and the subsequent acquisition of freezing tolerance. 


2. Identification and Functions of COR Genes 


Twenty years of research on the identification and characterization of 
COR genes in plants have yielded a huge amount of information that still 
needs to be understood in order to establish their potential usefulness of 
these genes in molecular breeding. Initially, information was obtained on a 
few COR genes at a time by the differential screening of complementary 
deoxyribonucleic acids (cDNAs) libraries and the sequencing of a small 
number of purified DNA inserts. The pace of discovery rapidly accelerated 
in the mid-1990s with the advent of high-throughput sequencing of ran- 
domly selected cDNA clones referred to as expressed sequence tags (ESTs) 
and the capacity to simultaneously hybridize thousands of DNA sequences 
on high-density grids to obtain an assessment of global changes in the 
transcriptome (Richmond and Sommerville, 2000). 

Comparative analysis of ESTs, using Arabidopsis gene arrays, have been 
used to achieve genome-scale probing of the changes in gene expression in 
plants exposed to environmental stresses (Fowler and Thomashow, 2002; 
Seki et al., 2001, 2002). This molecular approach was successfully applied for 
the discovery of genes involved in the cold-acclimation process and provided 
significant insight into the complexity of this trait (Seki et al., 2004). Simul- 
taneous analysis of changes in expression of thousands of Arabidopsis genes 
spotted on a cDNA microarray with transcripts extracted from plants 
acclimated at 4°C revealed that ~4% were cold-responsive with up to 70% 
of these genes being upregulated and 30% being downregulated (Fowler and 
Thomashow, 2002; Vogel et al., 2005). Many of these genes have been 
assigned putative roles on the basis of their homology with other sequences 
reported in GenBank and were sometimes shown to be part of pathways 
leading to the modification in the composition of major classes of metabo- 
lites or to be involved in the transduction of the low-temperature signals 
(Seki et al., 2004). Many of these cold-induced changes in transcript accu- 
mulation that occur in Arabidopsis are also observed during cold acclimation 
of other species (Dhanaraj et al., 2004). Nevertheless, our understanding of 
the genetic control of cold tolerance and the adaptive value of COR genes 
remains fragmentary. Even in the case where their putative role fits with the 
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understanding of the physiological and molecular bases of cold adaptation, 
the in vivo function(s) of COR genes have seldom been confirmed (Volenec 
et al., 2002). Comparisons of global gene profiling between experimental 
treatments and contrasted genetic backgrounds will help identify candidate 
genes associated with variations in cold tolerance. 

Even though transcript profiling is a powerful tool for identifying candi- 
date genes, it has a number of inherent limitations with regard to the 
identification of adaptive genes (Richmond and Somerville, 2000). The 
technique provides a steady-state assessment of RNA levels and cannot 
always capture dynamic changes in the populations of translatable 
mRNAs in response to developmental and environmental signals. In addi- 
tion, key information on changes in gene expression occurring in specific 
tissue or cells is often lost because entire plants or organs are used in 
transcript analyses. These limitations, combined with cross-hybridization 
between gene family members or specific allelic forms, can hinder identifica- 
tion of unique DNA sequences. Nevertheless, gene expression profiling 
constitutes a very sensitive tool to study phenotypic plasticity and it provides 
insight into genes responsible for variation of adaptive traits (Howe and 
Brunner, 2005). New oligonucleotide-based approaches allowing the specific 
representation of highly homologous DNA sequences on microarrays will 
help solve some of the cross-hybridization problems in the future (Seki et al., 
2004). Sequence analyses of COR cDNAs from alfalfa revealed that many of 
these genes encode putative polypeptides homologous to stress- and devel- 
opmentally regulated proteins (Castonguay et al., 1997a). 


a. Dehydrins. COR DNA sequences-encoding proteins with dehydrin- 
like motifs have been isolated from cold-acclimated alfalfa and were shown 
to be markedly upregulated in cold-acclimated plants (Haagenson et al., 
2003; Wolfraim and Dhindsa, 1993; Wolfraim et al., 1993). Dehydrins, also 
known as Group 2 (D-11 family) late embryogenesis abundant (LEA) pro- 
teins, are stress-responsive proteins induced in response to dehydration, low 
temperature, exogenous ABA application, and wounding signals (Wise, 
2003). The LEA proteins have been ubiquitously found in a wide range 
of organisms that undergo a dehydration-based stress, including herbaceous 
and woody plants, algae, prokaryotes, and animals (Bartels and Sunkar, 
2005; Battista, 2001; Browne et al., 2002; Close, 1996). They are largely 
hydrophilic peptides with an abundance of charged and polar amino acid 
residues that allow them to remain stable under denaturing conditions 
(Close, 1996). In the absence of an apparent catalytic function, a number 
of protective mechanisms have been proposed, including water replacement, 
stabilization of membranes and macromolecules, ion sequestration as well as 
antifreeze, and radical-scavenging activities (Bartels and Sunkar, 2005; Hara 
et al., 2004; Wisniewski et al., 1999). 
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Dehydrin genes cosegregated with chilling tolerance in cowpeas [Vigna 
unguiculata (L.) Wasp.] (Ismail et al., 1999), and their expression was related 
to the acquisition of drought tolerance among seven wheat cultivars (Lopez 
et al., 2003). A close association between the levels of a 25-kDa dehydrin 
and the degree of leaf-freezing tolerance was observed in a segregating 
F2 population generated from a cross between a very hardy and a hardy 
Rhododendron species (Lim et al., 1999). This relationship was later con- 
firmed in a comparative assessment of the accumulation of the 25-kDa 
dehydrin in nonacclimated versus cold-acclimated leaf tissues of six Rhodo- 
dendron species possessing contrasted freezing tolerance (Marian et al., 
2004). Overexpression of several groups of LEA proteins in transgenic plants, 
including the dehydrins, have provided compelling evidence for a protective 
role for these proteins to a number of environmental stresses, including water 
deficit (Park et al., 2005), salt (Park et al., 2003), and cold (Hara et al., 2003; 
Puhakianen et al., 2004). Constitutive expression of a wheat dehydrin gene in 
strawberry (Fragaria x ananassa Duch.) resulted in a 5°C improvement of 
freezing tolerance of cold-acclimated leaves (Houde et al., 2004). No differ- 
ence in freezing tolerance was found between wild-type and transgenic plants 
under nonacclimating conditions suggesting that additional cold-inducible 
factors are required for the protective action of the wheat dehydrin. Several 
lines of evidence indicate that LEA proteins may act synergistically in 
combination with other factors, including nonreducing sugars to protect 
extensively desiccated cells (Browne et al., 2002; Oliver et al., 2001; Wolkers 
et al., 2001). The central role of dehydrins is further supported by pre- 
liminary observations from global gene expression studies with cold- 
acclimated alfalfa showing that dehydrins are the most highly expressed 
genes in cold-acclimated alfalfa (Laberge, personal communication). 


b. Antioxidant Defenses. Increased levels of reactive oxygen species 
(ROS), such as hydrogen peroxide (H202), superoxide radicals and hydroxyl 
radicals, are typically observed in plants under abiotic stress and may inter- 
fere with redox homeostasis of cells. The ROS can cause unspecific oxidation 
of key cell constituents like DNA, proteins, and membrane lipids (McKersie 
and Leshem, 1994). To cope with oxidative stresses plants have evolved 
a number of nonenzymatic (e.g., ascorbate, glutathione, polyamines, poly- 
phenols, and so on) and enzymatic defense mechanisms. Thus, it is not sur- 
prising that proteins regulating the intracellular level of ROS, such as 
catalase, ascorbate, and glutathione peroxidases, and superoxide dismutase 
(SOD), are being found in cDNA libraries from plants exposed to abiotic 
stresses (Wong et al., 2005). Transgenic plants with suppressed H,O,- 
scavenging capacity were more sensitive to abiotic stresses (Willekens 
et al., 1997). Conversely, overexpression of H,O -scavenging enzymes led to 
increase tolerance to abiotic stresses (Yan et al., 2003). McKersie et al. (1993) 
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reported superior regrowth after freezing in transgenic alfalfa consti- 
tutively expressing a Mn-SOD from Nicotiana plumbaginifolia. Field assess- 
ment of alfalfa transformants indicated that SOD overexpression improved, in 
some cases, the vigor and field survival of the plants but that this response was 
not related to changes in freezing tolerance (McKersie et al., 1996, 1999). 

Polyamines have been found to accumulate under both biotic and abiotic 
stresses and to confer protection against many environmental stresses 
(Capell et al., 2004; Kasinathan and Wingler, 2004). Although their protec- 
tive mechanism is still unclear, it has been suggested that they might act as 
ROS scavengers (Drolet et al., 1996; Ye et al., 1997). Nadeau et al. (1987) 
documented an increase in the levels of free polyamines, mainly putrescine in 
cold-acclimated alfalfa. In a follow-up study performed under field condi- 
tions, Nadeau and Paquin (1988) confirmed the increase in putrescine in 
cold-hardened alfalfa at the end of winter and its rapid decline during spring 
dehardening. 


c. Antifreeze Proteins. Many plant species that survive the formation 
of extracellular ice secrete antifreeze proteins (AFPs), also called thermal 
hysteresis proteins, into their apoplast. The AFPs can bind onto the surface 
of ice and inhibit crystal growth in vitro (Griffith et al., 2005). The accumu- 
lation of AFPs was correlated with freezing tolerance in winter and spring 
varieties of rye, wheat, and barley (Antikainen and Griffith, 1997). Bravo 
and Griffith (2005) have reported that D. antarctica, one of the only two 
vascular plants found in the Maritime Antarctica constitutively accumulates 
AFPs as part of its freezing-tolerance mechanisms. However, no antifreeze 
activity was detected in Colobanthus quitensis, the other Antarctic species. 
That result was not unexpected considering that antifreeze activity has thus 
far been detected in only about half of the overwintering plants in temperate 
regions with many dicotyledonous plants lacking antifreeze activity (Doucet 
et al., 2000). Antifreeze activity has been assessed in leaf, root, and stem 
tissues of alfalfa collected during winter in the United Kingdom using an ice 
recrystallization assay (Doucet et al., 2000). The observed lack of antifreeze 
activity in alfalfa might have been attributable to the mild hardening condi- 
tions to which these samples were exposed. Castonguay et al. (1993) have 
shown that superior freezing tolerance and associated changes in gene 
expression occur in plants of alfalfa acclimated at subfreezing temperatures. 
Confirmation of lack of antifreeze activity and AFP in alfalfa will require 
further in vitro assays since putative AFP homology cannot be assigned from 
database searches (Griffith and Yaish, 2004). 


d. Pathogenesis-Related Proteins. Cold acclimation increases not only 
tolerance to freezing, but also promotes nonspecific resistance to low- 
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temperature pathogens (Griffith and Yaish, 2004). A number of pathogenesis- 
related (PR) proteins, including B-1,3-glucanases, chitinases, thaumatin-like 
proteins, peroxidases, and key enzymes, involved in the production of phyto- 
alexins are upregulated in response to both biotic and abiotic stresses (Yun 
et al., 1997). Studies provide evidence for interaction between biotic and 
abiotic stress-signaling pathways (Guo et al., 2004a; Narusaka et al., 2004; 
Yi et al., 2004). In addition to their role in pathogen resistance, additional 
functions, including antifreeze activity (Yeh et al., 2000) and cryoprotection 
(Hincha et al., 2001), have been documented for PR proteins. Meuriot et al. 
(2004) reported typical vegetative storage protein (VSP) behavior for a 
Type III chitinase that accumulates in taproots of alfalfa in autumn. 

The cold inducible msaCID gene from alfalfa (Castonguay et al., 1997a) 
is homologous to the PR-10 family of small (15-18 kDa) host-encoded 
intracellular polypeptides (Linthorst, 1991). Members of this gene family 
are cold-induced in a number of species. A PR-10 homologue that accu- 
mulates in the cortical parenchyma cells of mulberry (Morus bombycis 
Koidz.) tree during winter also exhibited in vivo cryoprotective activity 
(Ukaji et al., 2004). Another cold-inducible gene from alfalfa, msaCIA 
(Laberge et al., 1993) that encodes a glycine-rich protein of unknown func- 
tion was found to be homologous to glycine-rich peptides from the roots 
of Capsella bursa-pastoris that have strong antibacterial activity against 
gram-negative bacteria and fungi (Park et al., 2000). Dhont et al. (2006) 
showed that the expression of the msaCIA gene in winter-hardened alfalfa 
could be markedly reduced by defoliation in autumn. Couture et al. (2002) 
reported an increase in the severity of Fusarium root rot and crown rot 
diseases in autumn-defoliated alfalfa. Whether autumn defoliation reduces 
the ability of plants of alfalfa to withstand pathogen infection during winter 
because of reduced levels of PR proteins is certainly an area that deserves 
further investigation. 


e. Genes of Unknown Function. No homology or assigned function has 
thus far been established for a large proportion of COR genes (Pearce, 
2004). In blueberry (Vaccinium sp.), 43% of the high-quality sequences 
obtained from a cDNA library derived from cold-acclimated tissues did 
not have significant homology to sequences in GenBank (Dhanaraj et al., 
2004). The functional assessment of these genes and understanding of their 
impact on stress tolerance presents an enormous challenge to scientists 
trying to unravel the molecular bases of superior cold hardiness (Zhu and 
Provart, 2003). This daunting task will benefit from an access to well- 
characterized phenotypes and mutants, and will necessitate the concerted 
research efforts of agronomists, physiologists, molecular biologists, and 
geneticists working in close collaboration. 
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A number of genes with no clear functions have been isolated from cold- 
acclimated alfalfa (reviewed in Castonguay et al., 1997a). For instance, the 
cas15/msaCIB/CARI1 gene code for a glycine-rich protein putatively targeted 
to the nucleus (Cunningham et al., 2001; Monroy et al., 1993b). Ferrullo 
et al. (1997) confirmed that the encoded MSACIB protein accumulates 
during cold acclimation of alfalfa and that although it is likely involved in 
the acquisition of freezing tolerance, much remains to be done to elucidate 
its cellular function(s). 


f- The Adaptive Value of Cold-Induced Changes in Gene 
Expression. Mohapatra et al. (1989) published the first report on the 
molecular cloning of cold acclimation-specific genes that were isolated 
from the winter hardy Medicago falcata cv Anik. In that study a positive 
relationship was established between the levels of expression of three COR 
genes and variations in freezing tolerance among four alfalfa cultivars (Anik, 
Iroquois, Algonquin, and Trek). The observation of high-correlation co- 
efficients between the expressions of COR sequences and freezing tolerance 
led the authors to suggest their potential use as probes in breeding for 
increased freezing tolerance. Monroy et al. (1993b) also noted parallel 
changes in transcript levels of cas15, a cold-induced gene of unknown 
function, and variations of freezing tolerance in the winter-hardy cultivar 
Apica (Michaud et al., 1983). However, the relative amount of cas15 
transcripts did not vary among three cultivars with contrasting levels of 
freezing tolerance (Mohapatra et al., 1989). A positive association between 
RootCARI1, a homologue of cas15, and alfalfa winter survival was subse- 
quently observed among populations selected for contrasting fall dormancy 
(Cunningham et al., 2001). Contradictory observations on the relationship 
between COR gene expression and cold hardiness of alfalfa is likely related 
to the fact that the genetic material compared in these studies not only 
differed with regard to their freezing tolerance potential but also differed in 
other attributes, including onset and extent of fall dormancy. 


IV. THE GENETIC BASES OF COLD 
ADAPTATION IN ALFALFA 


A. GENETIC VARIABILITY FOR FREEZING TOLERANCE 


Alfalfa originated in the general area of the Caucusas Mountains, eastern 
Turkey, and northern Iran, and from there radiated throughout Eurasia, 
into the Arabian Peninsula, and across North Africa (Michaud et al., 1988). 
Thus, alfalfa germplasm useful for modern agriculture, derives from plant 
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material naturally adapted to a broad range of conditions, from the dry 
subtropics to the tundra in northern Eurasia. As a consequence of the long 
period of natural selection that occurred in this germplasm, a relationship 
between growth habit, biomass production, autumn dormancy, and winter 
hardiness was developed. Particular germplasm from northern Siberia, when 
grown in the midwestern United States, begins to slow aboveground growth 
in early August, nearly a month before adapted cultivars show autumn 
induced changes, while germplasm from the Arabian Peninsula continues 
to grow vigorously until killed by frost. 


1. Test Winters and Field Selection 


In general, selection for winter hardiness is done by evaluating breeding 
nurseries in the field for several years; plants surviving after this period of 
time are assumed to have sufficient winter hardiness for the particular zone 
of adaptation in which they are growing. Implicit in this methodology, 
however, is that the winters that the plants experience will be representative 
of the winters a released cultivar will face in farmers’ fields. Ideally, plants 
will face a truly harsh winter—a test winter—in which they will be exposed 
to the full range of winter hardiness-related stresses, from freezing tempera- 
tures, severe desiccation, freeze-thaw cycles, early spring frost, ice sheeting, 
limited insulating snow cover, and possibly others. A test winter would be 
one that would kill cultivars with low-winter hardiness and provide a clear 
separation in survival percentages among cultivars differing in winter hardi- 
ness (McKenzie et al., 1988). Because these conditions are extremely variable 
year-to-year, and because different combinations and severities of these 
stresses occur each year, field evaluations for multiple years are typically 
deemed necessary in order to select for improved winter hardiness with 
assurance. 


2. Freezing Tests Under Controlled Conditions 


Screening tests performed under controlled conditions would enable 
more specific germplasm screening without relying on the occurrence of a 
test winter. Because freezing tolerance is perhaps the core trait associated 
with winter hardiness, most effort has focused on developing screening 
procedures for it. 

Measuring the electrical conductivity of a solution containing electro- 
lytes leaked from frozen roots is the most commonly used method to 
assess alfalfa-freezing tolerance in the laboratory (Brouwer et al., 1998, 2000; 
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Bula et al., 1956; Dexter et al., 1932; Duke and Doehlert, 1981; Krasnuk 
et al., 1978; Sulc et al., 1991a,b). This test involves freezing roots at —8°C 
for 2-20 h, incubating the roots in distilled water at 4°C for 2-20 h, and 
measuring the conductivity of the resulting leachate at 25°C. The congru- 
ent result of all experiments is that more freezing tolerant (i.e., more 
winter hardy) germplasm has a lower specific conductivity than less 
hardy germplasm because fewer electrolytes (e.g., K”) have leaked from 
the cells. Although leakage could be due to either membrane disruption or 
reversible solute movement, Sulc et al. (1991b) strongly implicated the 
former with their observation that MDH activity increased in the leakage. 
Although -8°C provides consistent results, maximum differentiation 
among cultivars may be achieved at temperatures lower than —8°C for hardy 
germplasm and higher than -8°C for nonhardy plant material (Sulc 
et al., 1991b). 

Other laboratory tests have been used to assess winter hardiness. Most 
importantly, absorbance of light at 265 nm of the leaked substances pro- 
duced through the normal freezing test described in earlier section was 
highly correlated with electrical conductivity, suggesting it may be a more 
rapid and simple method of assessing freezing tolerance (Sulc et al., 1991a). 
Similarly, the MDH activity in leakage could also be used as a measure of 
freezing tolerance, but the assay is more complex than either conductance or 
absorbance, and hence, is of less practical utility (Sulc et al., 1991a). Finally, 
the germination of seeds that had been placed in an increasing osmotic 
gradient produced with sodium chloride and Suc was reduced less in winter 
hardy than in nonwinter-hardy cultivars (Rodger et al., 1957). While this 
test appears simple and rapid, it has not been widely used in subsequent 
research. 


B. CONVENTIONAL GENETIC SELECTION FOR IMPROVED WINTER 
HARDINESS AND FREEZING TOLERANCE 


1. Quantitative Inheritance of Winter Hardiness 


Winter hardiness, freezing injury, and autumn growth are all complex 
traits under quantitative genetic control. Although heritability estimates are 
difficult to compare due to differences in plot types, number of testing 
locations, and experimental designs, all traits have been shown to have 
moderate heritability, suggesting that selection would be effective in im- 
proving each of them individually. In an F, population derived from 
two semidormant genotypes, the broad sense heritability, which describes 
whether the trait is under genetic control, for winter injury was 0.73 based on 
entry means from five-clone plots grown in four replications at each of two 


ALFALFA WINTER HARDINESS 237 


locations and 0.39 on the basis of a single five clone plot (Brummer et al., 
2000). These results suggest that the evaluation of single plants, as is com- 
monly done in alfalfa breeding, is unlikely to provide a clear picture of their 
winter hardiness, particularly after only 1 year. In the same study, entry 
mean heritability for autumn regrowth was 0.69 and plot heritability was 
0.29. Other estimates of heritabilities based on entry means include 0.78-0.80 
for cold injury (Daday, 1964), 0.65 for winter injury (Brouwer et al., 2000), 
0.45 and 0.53 for autumn growth (Brouwer et al., 2000), 0.16 and 0.19 for 
freezing injury (based on electrical conductivity) (Brouwer et al., 2000), 1.32 
for specific conductivity, and 0.72 for autumn height (Perry et al., 1987). 
Narrow-sense heritabilities, those based on variance of breeding values 
rather than total genetic variance, were only computed in the latter case, 
using parent-offspring regression. 

Autumn regrowth appears to be primarily under additive genetic control 
and general combining ability (GCA) effects are present for autumn growth 
(Daday and Greenham, 1960; Perry et al., 1987; Riday and Brummer, 2002b; 
Theurer and Elling, 1963). However, specific combining ability effects (SCA) 
were present in some experiments, although they were of lesser importance 
than GCA effects. The presence of some nonadditive genetic control of 
autumn regrowth is also supported by our observation of negative heterosis 
for autumn regrowth in crosses between M. sativa subsp. sativa and 
M. sativa subsp. falcata (Riday and Brummer, 2002b). 

Winter injury, frost tolerance, and/or freezing injury appear to be under 
partial to complete dominance. Heterosis for winter hardiness, whereby the 
F, hybrid progeny suffer less winter injury than either parent, has been noted 
in intersubspecies crosses (Riday and Brummer, 2002b), similar to that 
found in Arabidopsis hybrids between the Columbia-0 and C24 accessions 
(Rohde et al., 2004). In contrast, another experiment found that alfalfa 
hybrids had less cold tolerance based on electrical conductivity analysis 
(Kohel and Davis, 1960). Other results suggest additivity for these traits 
(Brummer et al., 2000; Daday and Greenham, 1960). The only quantitative 
trait loci (QTL) experiment to examine gene action found that winter injury 
was controlled by additive gene action, while partial dominance controlled 
fall growth and freezing injury (Brouwer et al., 2000). 

Correlations between winter hardiness and autumn growth span 
from none to strong (Table I). The results of experiments, such as that of 
Schwab et al. (1996), in which cultivars from throughout the spectrum 
of winter hardiness were evaluated, show that a negative phenotypic corre- 
lation between autumn plant height and winter injury is evident. Similarly, 
genetic correlations of these traits were also high in an analysis of pro- 
geny from cultivars ranging widely in winter hardiness. In contrast, no 
genetic correlation was observed in a variable F; population derived from 
parents that were both semidormant (Brummer et al., 2000). This result, 


Table I 


Genetic (r4) and Phenotypic (rp) Correlations Between Winter Hardiness and Fall Dormancy Measured as Autumn Plant Growth 








Germplasm Traits correlated ra rp Reference 

F, progeny derived from dormant x Electrical resistance and winter yield —0.38 Daday and Greenham, 1960 
nondormant crosses 

Dormant and nondormant plants and their Winter survival and autumn height —0.54 Kohel and Davis, 1960 
F, and F, progenies 

15 cultivars with a range of fall dormancies Winter injury and autumn height 0.94 Smith, 1961 

F; and F progeny from crosses among Frost injury and growth at low —0.03 to 0.08 —0.19 to 0.02 Daday, 1964 
cultivars of all dormancy classes temperature 

14 F> progeny populations derived from Spring recovery and autumn height 0.08 Busbice and Wilsie, 1965 
dormant by moderately dormant crosses 

Six cultivars ranging from dormant to Specific conductance and autumn 0.91 to 1.20 0.28 to 0.54 Perry et al., 1987 
nondormant and their F; and Sı progeny height 

251 cultivars ranging widely in fall Winter injury and autumn height 0.85 Schwab et al., 1996 
dormancy 

15 genotypes ranging from dormant to Winter injury and autumn height 0.67 Brouwer et al., 1998 
nondormant 

Progeny population of dormant x Winter injury and autumn height 0.56 Brouwer et al., 2000 
nondormant hybrid backcrossed to 
dormant parent 

F; population derived from a cross of two Winter injury and autumn height —0.16 0.06 Brummer et al., 2000 
dormant genotypes 

Hybrid F; populations from crosses of nine Winter injury and autumn height 0.29 Riday and Brummer, 2002b 
dormant to moderately dormant 
M. sativa and five dormant M. falcata 
genotypes 

Nondormant cultivars and derived Winter injury and autumn height 0.95 Weishaar et al., 2005 


populations with improved 
winterhardiness 
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coupled with similar findings by Busbice and Wilsie (1965) and Daday 
(1964) suggest that across a more constrained range of winter hardiness, 
tall plants in the autumn can be selected that also have superior winter 
hardiness. 

The variation in results for heritability, gene action, and correlations arise 
from the variety and the breadth of the germplasm being evaluated, the 
environmental conditions to which the plants are subjected, and the method 
used to assay for the traits. A more rigorous evaluation of progeny from 
multiple genetic backgrounds across multiple locations would yield better 
information on genetic variance components, heritabilities, and importantly, 
genetic correlations among traits. 

The problem faced by alfalfa breeders is not to simply increase winter 
hardiness—that is easily found in very northerly adapted germplasm—but to 
increase winter hardiness in high yielding alfalfa germplasm. Therefore, the 
critical question for plant breeders is the extent that winter hardiness and 
autumn growth result from pleiotropic effects of a set of genes controlling 
both traits or is determined by linkage due to past natural selection con- 
straining populations to particular alleles. Most of the evidence suggests that 
the traits may be manipulated independently, at least to a degree, and that 
alfalfa breeders have the opportunity for developing improved winter hardy, 
high-yielding cultivars. 


2. Gain from Selection 


Few experiments have been reported in which selection has been expressly 
applied for improved winter survival. Selection of hardy and nonhardy 
plants within cultivars resulted in populations that were hardy with 
short autumn height and nonhardy with tall autumn height (Smith, 1961). 
Plants selected from a cultivar trial in Alaska resulted in a very winter- 
hardy cultivar (Klebesadel, 1971). Neither of these experiments were actual 
recurrent selection programs. 

Weishaar et al. (2005) have used three cycles of phenotypic recurrent 
selection for decreased winter injury to improve winter survival of four 
nondormant cultivars. Averaged across cultivars, winter injury measured in 
April decreased by two points on a five-point scale, from 4.4 to 2.4 in a linear 
fashion across the three cycles. In addition, the number of dead plants was 
sharply reduced by one cycle of selection, from 39% to 2% on average. This 
trial clearly showed that selection for improved winter survival could 
be effective in nondormant cultivars. However, concurrent with the decreased 
winter injury was a linear decrease in plant height. Biomass production in 
September showed a moderate increase across cycles, although November 
biomass production was depressed. Clearly, simple phenotypic selection 
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based on a visual score of winter injury was effective to consistently and 
significantly improve winter hardiness of nondormant populations. 

Selection for altered autumn plant height was conducted in central 
California, a location without severe winter (Cunningham, et al., 1998). 
Simple phenotypic recurrent selection for reduced height resulted in a popu- 
lation derived from the nondormant cultivar CUF101 with increased winter 
survival in Indiana, a location with moderate winter. Selection in cultivars 
with more dormancy also decreased autumn height but did not improve 
winter survival, which was already greater than 75%. Selection in the 
extremely nondormant cultivar Wadi Qurayat also led to reduced height, 
but it had no effect on survival, which was essentially zero. This result suggests 
that very nondormant germplasm do not have the ability to initiate any 
acclimation response, while all other germplasm can initiate the response 
and selection can improve allele frequencies at loci that modulate the intensity 
of response. 

A tightly controlled, laboratory-based protocol to select for one or more 
components of winter hardiness avoids the variability of winter stress, and 
perhaps, results in a more rapid selection response than typical field-based 
approaches. A laboratory screen to select for freezing tolerance has been 
applied to several alfalfa populations for up to seven cycles of recurrent 
phenotypic selection, and gain in winter survival has been impressive 
(Castonguay et al., 2005; Nadeau et al., 2002). In the protocol, young alfalfa 
plants are acclimated at low-nonfreezing temperatures and then placed in 
freezing temperatures that are successively lowered over a period of time 
until an expected LTs9 temperature is reached. The key to this selection 
protocol is that it is highly controlled, enabling the stress to be uniformly 
applied. Multiple cycles are possible per year. The most vigorous survivors 
are selected and intercrossed to begin the next cycle of selection. To our 
knowledge, this is the only nonfield based selection protocol that has suc- 
cessfully resulted in enhanced winter hardiness in the field (Fig. 7). 


3. Problems and Challenges 


The important point of selection for winter hardiness is that the germ- 
plasm selected must also be high yielding. Thus, selection solely for winter 
hardiness without concurrent (or successive) selection for yield will not result 
in useful germplasm. To our knowledge, no experiments in which concurrent 
selection for both increased autumn plant height (or, more saliently, 
increased autumn biomass production) and decreased winter injury have 
been conducted. The results of the Weishaar et al. (2005) and Cunningham 
et al. (1998) experiments strongly suggest that selecting simultaneously for 
both traits is necessary to prevent an undesirable decline in the other, and to 
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A-TF4 EV-TF2 EV 


Figure 7 Photo depicting winter survival of alfalfa populations selected for improved 
freezing tolerance after exposure to a severe winter near Québec City. Populations potentially 
more tolerant to freezing (TF) were derived from the cultivar Apica (A-TF) and Evolution (EV- 
TF) using an approach developed by Nadeau et al. (2002). The number of cycles of recurrent 
selection cycles is indicated after the TF designation. The marked improvement in survival due 
to selection from within both genetic backgrounds is clearly visible. 


some extent, commercial alfalfa breeding companies may have been selecting 
for both of these traits. The incorporation of a laboratory selection method, 
such as that of Nadeau et al. (2002), to augment field selection and speed the 
population improvement program, appears to be sensible. 

The development of a selection index for cold tolerance, yield, and other 
traits could be developed to ensure that all important traits are being selected 
concurrently. However, it would require that either clonal or progeny eva- 
luations were conducted, something not commonly done in many breeding 
programs. A move toward progeny testing so that progeny families could be 
evaluated for all the desired traits and selections based on those results 
should be adopted in alfalfa breeding. 

One potential means of improving yield is through capturing hete- 
rosis (Brummer, 1999). Several experiments have shown that the progeny 
of modern elite cultivars and certain wild or semi-improved M. sativa subsp. 
falcata populations produce high biomass yield (Riday and Brummer, 
2002a, 2005). However, in order for commercially viable cultivars to be 
developed from these crosses, the negative attributes of falcata germplasm, 
notably slower regrowth and early autumn dormancy (Riday and Brummer, 
2002b) need to be mitigated. A selection program for both yield and autumn 
height may very well be useful. 
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Finally, a forward-looking program to improve yield and winter hardi- 
ness could be achieved by a sequential ratcheting of both traits by incor- 
porating marginally less dormant material into the breeding program 
(Brummer et al., 2000). This program would take advantage of the fact 
that within restricted ranges of germplasm, the phenotypic and/or genetic 
correlation between traits is less marked than when compared across the 
whole range. 


C. Marxer-AssisTeD SELECTION 
1. QTL Mapping and Genetic Control of Freezing Tolerance 


The possibility of improving both winter survival and autumn biomass 
production may be realized more quickly if genomic regions controlling 
one or both traits could be targeted by marker-assisted selection. Using 
markers in perennial crops has the substantial potential benefit of decreasing 
years per evaluation, thereby greatly enhancing genetic gain. In this respect, 
markers have much more potential benefit than in the annual crops in which 
a cycle of selection can already be completed in a year. Two experiments 
have been conducted in alfalfa to assess winter injury, autumn growth, and 
related traits (Alarcon-Zuniga, 2003; Alarcon-Zuniga et al., 2004; Brouwer 
et al., 2000). The Brouwer et al. (2000) experiment included two backcross 
populations derived from a winterhardy by nonwinter-hardy cross. Autumn 
growth (height), winter injury, and freezing injury assessed by electrical 
conductivity were measured and molecular markers were found to be asso- 
ciated with all of them. Multiple regression models were constructed that 
could explain between 6% and 52% of the phenotypic variation in the popu- 
lation for these traits in any given year or for the average across 2 years. The 
autumn growth QTL, however, could be related to differences in plant vigor 
and may not be related to dormancy per se, particularly in the population 
derived from the backcross to the nondormant parent (Brouwer et al., 2000). 

In the experiment of Alarcon-Zuniga (2003), a tetraploid F; population 
derived from two hardy genotypes, one M. sativa subsp. falcata and the 
other M. sativa subsp. sativa, was scored for winter injury, autumn growth, 
and a suite of biochemical compounds in taproots that are typically asso- 
ciated with winter survival. Using near infrared reflectance spectrophotome- 
try (NIRS), starch, crude and soluble protein, amino-N, TNC, sugars 
(glucose, fructose, and Suc), and fatty acids (oleic, palmitic, stearic, linoleic, 
and linolenic) were analyzed and genetically mapped. Protein and amino-N 
showed moderate positive genetic correlations with winter injury, but most 
of the remaining compounds were not correlated with injury. All traits 
could be associated with one or more QTL loci that could explain as much 
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as 69% of the phenotypic variation, with individual QTL alleles explaining 
from 4% to 39% of the variability (Brummer et al., 2005). Some of the QTL 
for individual compounds appear to be in regions containing loci for autumn 
growth or winter survival, although much more work needs to be done to 
confirm those locations. 

Importantly, in both studies, at least some loci affecting autumn growth 
and winter injury appear to be acting only on a single trait, giving further 
support to the concept that these traits can be selected independently, at least 
to an extent. However, both experiments found QTL x environment inter- 
actions, with some loci controlling a trait in 2 years but others being specific 
to a particular year. Many QTL experiments in other crops and for other 
complex traits have identified environment-specific QTLs (e.g., soybean 
protein and oil concentration; Brummer et al., 1997). A simple explanation 
for this is simply that the population sizes are small and random error can 
affect detection of QTL, so that even if a locus is actually involved in winter 
hardiness each year, its effect may change in magnitude and not be detected 
in one of them. However, QTL x environment interactions could also be 
due to the complexity of the winter hardiness trait itself. In any one winter, 
different mechanisms may contribute more or less to tolerance—for exam- 
ple, the presence of freeze-thaw cycles in 1 year may be absent in another. 
Therefore, to some extent, the QTL detected will be a function of the 
winter environment in which the plants are grown and may not represent 
universally important loci. 

If the second hypothesis is correct, that different loci are important 
to winter survival or to autumn growth to different degrees in each year, 
then the use of marker-assisted selection will be difficult. The major advan- 
tage of evaluating plants in the field is that even though we do not know 
which genetic loci are involved in winter survival, we can easily select 
for plants with the appropriate combination of alleles simply by assessing 
survival. 

Marker-assisted selection will be less beneficial to breeding programs 
than marker-only selection. If the markers could be used to select plants in 
the greenhouse, it would accelerate selection progress significantly more 
than if they only augment field-based phenotypic data. A marker screen 
would need to be more effective than a lab-based selection method like that 
of Nadeau et al. (2002), however, to be useful to breeders. Perhaps the most 
benefit from markers could be garnered by using them to select against likely 
undesirable genotypes so that the material evaluated in the field is skewed 
toward better material. This would have the effect of making pheno- 
typic evaluations focus on more good families and hence would enhance 
genetic gain. 

Using markers for QTL in a recurrent selection program poses several 
dilemmas for the plant breeder. First, most QTL experiments are conducted 
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in simple biparental cross-populations rather than within the entire breeding 
population itself. Thus, the loci and alleles of greatest importance within 
the population may well not be identified in the selected parents. One way 
to circumvent this problem could be to pursue an association-mapping 
approach (Sket et al., 2005), in which the members of the breeding popu- 
lation are genotyped throughout the genome and evaluated for phenotype. 
Complexities of tetraploidy and incomplete genotype information need to be 
addressed, and some level of understanding about the amount of linkage 
disequilibrium (LD) present within breeding populations is needed before 
this approach can be clearly shown to be useful. 

Second, the measurement of phenotype presents a particular prob- 
lem. Typically, breeding programs focus on individual plant evaluations, 
rather than the evaluation of progeny families. Given that family evalua- 
tion would help in the development of an index selection for multiple 
traits, as described above, moving in that direction would also enable better 
genetic mapping programs to be developed and consequently, would en- 
hance the ability to use markers in the selection program. Ironically, better 
phenotypic data would increase heritabilities, making conventional selection 
much more effective, and hence markers would have less ability to improve 
selection. 

Finally, comparative mapping of winter hardiness and related traits in 
other forage legumes, other crops, and in model systems may help refine our 
ability to identify critical loci and to use them in breeding programs. 


2. Model Genetic Systems and Improvement 
of Freezing Tolerance of Alfalfa 


Apart from the large number of ESTs (>190,000) that have been se- 
quenced from Medicago truncatula, a model species for the study of legume 
genomics (May, 2004), there are relatively few alfalfa cDNA sequences 
reported in public databases (Volenec et al., 2002). Its small genome, ame- 
nability to transformation and large-scale assessment of gene function are 
attributes that warranted the choice of M. truncatula as a model species for 
the study of the legume genome (Cook, 1999). A Medicago genome array 
with ~60,000 probes prepared mostly with M. truncatula EST/gene probes 
and including a small number (2000) M. sativa EST/mRNA has been 
released by Affymetrix (http://www.affymetrix.com). This will provide the 
plant scientists community with a powerful gene discovery tool for the study 
of the genetic bases of many traits in legumes. A high degree of gene-order 
conservation (synteny) has been confirmed between M. truncatula and 
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M. sativa (Choi et al., 2004). Comparative mapping between M. sativa 
and M. truncatula has been successfully used for surrogate cloning of a 
gene required for nodulation in the more easily tractable M. truncatula 
(Endre et al., 2002). Despite such success, frequent exceptions to the con- 
served synteny resulting from local genic rearrangements have been docu- 
mented and may interfere with the practical use of syntenic relationships 
between model and crop species for gene identification (Vision, 2005; Zhu 
et al., 2005a). 

When we consider the Mediterranean origin, annual growth habit and 
limited capacity to survive freezing temperatures of M. truncatula, questions 
can be raised whether its genome arrays will contribute to our understanding 
of the genetics of winter hardiness in cultivated alfalfa. Will the lack of 
M. sativa sequence affect our long-term capacity to develop molecular 
approaches to improve freezing tolerance? Could the M. truncatula genome 
project provide a useful source of genes for the improvement of cold toler- 
ance of alfalfa? Gene expression data that profile the response of the 
freezing-intolerant M. truncatula will undoubtedly help identify molecular 
features of the plant response to low temperature as the Arabidopsis model 
system has already done (Thomashow, 2001). However, critical genes and 
alleles that affect traits like freezing tolerance and perennial growth may 
be completely absent or exist in nonfunctional forms in the genome of these 
model species and may only be found in species that possess winter survival 
potential (Bressan et al., 2001; Inan et al., 2004). Some of the stress-induced 
genes found in Thellungiella salsuginea, a close relative of Arabidopsis, had 
low-sequence similarity with those found in GenBank suggesting uni- 
que functions that may contribute to Thellungiella’s high tolerance to envi- 
ronmental stresses (Wong et al., 2005). This clearly indicates that EST 
collections will be essential for species like alfalfa for which whole-genome 
sequence data will not be available in the foreseeable future. Thus, scarcity 
of DNA sequence information derived from M. sativa genomes could be a 
major impediment to the future development of marker-assisted selection 
(MAS) approach for this economically important crop. In that context, 
Canadian researchers have initiated an alfalfa genomic project targeted at 
the study of the transcriptome of cold-acclimated tetraploid alfalfa. Results 
from this project have been assembled into a searchable database that 
regroups the sequences of ~10,000 alfalfa cDNAs (Gagné et al., 2004). 
These ESTs were obtained from plants that were extensively cold acclimated 
in order to identify genes that mechanistically confer protection against 
freezing. Such emerging EST collections from crop plants combined with a 
broad range of genotypes altered for the trait of interest will significantly 
increase the likelihood of uncovering key adaptive genes associated with 
superior winter hardiness (Fig. 8). 
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Figure 8 Macroarray analysis of changes in the expression alfalfa expressed sequence 
tags (ESTs) hybridized with cDNAs synthesized from mRNA purified from nonhardened 
(NH) and cold-hardened (CH) plants of alfalfa. Dark arrows indicate genes whose expression 
is downregulated and gray arrows indicate genes whose expression is upregulated at 
low temperature. Results from Desgagnés, R., Gagné, D., Castonguay, Y., and Laberge, S. 
(unpublished). 


3. Identification of DNA Variants Associated with Freezing Tolerance 


Our ability to routinely incorporate genes conferring superior freezing 
tolerance in cultivars of high-agronomic value will depend on the deve- 
lopment of efficient introgression methodologies. New approaches are 
emerging, but their successful application will depend on a detailed knowl- 
edge of the genetic bases of superior freezing tolerance. The huge amount of 
published reports on the physiological, biochemical, and molecular changes 
that occur during cold acclimation of plants has thus far failed to provide 
an effective molecular approach to improve freezing tolerance in plants 
(Zhu et al., 2005). One specific challenge that has arisen is how to use the 
information gained from genomics studies of model and crop species to 
produce new commercial plant varieties (Zhang et al., 2004a). Many papers 
have reported positive results in the improvement of cold tolerance when 
plants were engineered with genes encoding transcriptional factors or key 
enzymes in the synthesis of cryoprotectants or protective proteins (Iba, 2002; 
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Zhang et al., 2004a). However, spurious results are frequently obtained as a 
result of the fragmentary understanding of factors controlling transgene 
expression and the fact that a single gene change may not invoke a large 
increase in freezing tolerance. 

The identification of genes having major effects on freezing tolerance of 
alfalfa is difficult due to its large genome and the complex genetics of 
populations of heterozygous genotypes (Brummer, 2004). Alternative 
approaches relying on candidate gene diversity across natural populations 
to uncover polymorphisms that correlate with phenotypic variation have 
emerged (Buckler IV and Thornsberry, 2002). Trait-allele association studies 
are rapidly developing and are bound to provide a much better understand- 
ing of the allelic diversity of breeding populations (Rafalski, 2002). Techni- 
ques like LD-based association tests (Gupta et al., 2005) combined with high 
throughput assessment of DNA polymorphisms within coding and pro- 
moter regions of candidate genes could, significantly contribute to the iden- 
tification of genes of adaptive value for complex traits like freezing tolerance. 
However, lack of genome-wide annotation of nucleotide diversity will limit 
the application of this approach for the study of population genetics in 
M. sativa. Bulk segregant analysis (BSA) is another very efficient gene 
discovery approach that has been successfully used to find unique genetic 
polymorphisms associated with stress tolerance in plants (Michelmore et al., 
1991; Quarrie et al., 1999). Candidate genes potentially associated with 
freezing tolerance in alfalfa have been tested using restriction fragment 
length polymorphisms for differences in allele frequency using populations 
selectively improved for their freezing tolerance (Castonguay et al., 2005). 
Polymorphisms that intensified with the number of selection cycles were 
uncovered for a number of candidate genes, including homologues of GaS 
and dehydrin. There is high likelihood that these polymorphic genes are 
linked to QTLs controlling freezing tolerance considering that these popula- 
tions were derived from a common genetic background and that selection 
was solely targeted toward the improvement of that trait. Further research 
will, however, be required to determine the overall contribution of each 
polymorphic change to the determination of freezing tolerance in order to 
establish their usefulness as markers in breeding programs. Vision (2005) 
noted that the clearest functional links between gene polymorphisms and a 
particular phenotype were not derived from large-scale comparative se- 
quencing analyses but rather from the availability of unique phenotypes. 
Results by Castonguay et al. (2005) illustrate that the availability of con- 
trasted genetic material combined with stress-relevant DNA sequences could 
allow the identification of unique genetic polymorphisms associated with 
cold tolerance in a species with complex genomes like alfalfa. 
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D. CONCEPTUAL APPROACH TO THE GENETIC CONTROL 
OF FREEZING TOLERANCE IN ALFALFA 


Our understanding of the morphological, physiological, and molecular 
bases of cold acclimation of alfalfa is more comprehensive than ever, and 
we now have a good grasp of the plant ideotype and metabolic traits that are 
associated with adaptation to winter. The challenge that scientists are now 
facing 1s how to use this information to devise new selection technologies for 
the improvement of cold tolerance of alfalfa and improve management 
practices to optimize winter survival. Although morphological or bio- 
chemical markers have been previously proposed for the development of 
winter-hardy cultivars, they were found to be either unsatisfactory or un- 
reliable. Decline in seasonal productivity in cultivars developed on the 
basis of greater fall dormancy and the instability of biochemical markers 
due to G x E interactions preclude the use of these selection approaches 
in the development of cultivars of high-agronomic value. On the other hand, 
the development of more stable and precise MAS approaches will necessitate 
a better understanding of the genetic bases of superior cold tolerance. 

A number of research reports cited earlier in this review have documented 
the fact that variation in the cold-acclimation response between cultivars 
of alfalfa is associated with differences in the levels of COR genes expression. 
Studies have provided evidence that differential gene expression within 
and between populations is a relatively common phenomenon that results 
from heritable allelic differences that might be physiologically significant 
(Knight, 2004). These allele-specific effects on gene expression are highly 
context specific and depend on cell type, developmental stage, and en- 
vironmental conditions. Naturally occurring allelic diversity is thought to 
be a determinant factor of phenotypic variation in plants and may be an 
underlying mechanisms of QTL variation (Buckler and Thornsberry, 2002). 
Although genetic variation has been classically viewed in terms of coding- 
region polymorphisms that could alter protein structure and function, allele- 
specific differences in gene expression have been linked to cis-acting sequence 
variation emphasizing the equal importance of polymorphism in noncoding 
DNA in the determination of phenotypic diversity (Cowles et al., 2002). Guo 
et al. (2004b) looked at allelic variation of gene expression in maize hybrids 
and observed that 73% of tested genes showed allele-specific regulation in 
response to environmental stress suggesting the possibility of an unequal 
function of parental alleles in conferring environmental fitness. Such results 
emphasize the fact that information on allele-specific sequences derived from 
genetically relevant phenotypes will be a prerequisite to future progress in 
the understanding of the genetics bases of cold tolerance in alfalfa. 

Based on the understanding that freezing tolerance is a multigenic trait 
involving genes with variable effects, we propose a conceptual framework 
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for the genetic determination of freezing tolerance in alfalfa (Fig. 9). The 
existence of two discontinuous classes for field survival and cryoprotective 
soluble sugar accumulation among populations of contrasting fall dormancy 
(Fig. 10) suggests that, although autumn growth habit behaves as a quanti- 
tative trait involving many genes, its impact on the acquisition of cold 
tolerance could be mediated via of a smaller number of genes with major 
effects. These genes would provide a link between fall dormancy and molec- 
ular changes at low temperature and could be responsible for the occurrence 
of the two distinct classes of winter survival among the continuous gradient 
of fall dormancy responses (Fig. 10). It has been observed that constitutive 
overexpression of the CBF regulon in Arabidopsis can have effects akin to 
fall dormancy response in alfalfa by slowing growth and reducing plant 
height (Gilmour et al., 2000). In addition to the impact of the genetic 
background, the expression of these regulatory genes is potentially affected 
by ontogenic and environmental factors known to influence autumn growth 
of alfalfa such as declining photoperiod, the developmental stage of the 
plant, autumn cutting, and soil fertility. These regulatory genes subsequently 
have a downstream impact on the expression of a large number of allelic 
variants with variable contribution to the determination of the level of 
freezing tolerance. The fact that cultivars of contrasting winterhardiness 
are able to cold acclimate, albeit to varying levels, indicates that differences 
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Figure 9 Conceptual model for the genetic bases of cold tolerance in alfalfa. 
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Figure 10 Relationship between field survival and raffinose family oligosaccharide (RFO) 
accumulation in taproots of fall hardened alfalfa and dormancy rating of fall dormancy selec- 
tions. Note the two discontinuous classes of field survival and taproot RFO concentrations 
that occurs with the decline in fall dormancy (increasing fall dormancy class). Adapted from 
Cunningham et al. (2003). 


in freezing tolerance could be under the control of a limited number of genes 
with major effects whose products have unique adaptive values with regard 
to low-temperature tolerance. The level of expression of these genes will be 
affected by the allelic forms that are present (genetic background) and 
sustained exposure to low temperature. DNA variants that show optimal 
level of expression or that have largest effects on freezing tolerance will be 
good candidates for the development of MAS technologies. 
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The potential utilization of switchgrass (Panicum virgatum L.) as a cellu- 
losic energy crop was evaluated as a component of a projected future 
national network of biorefineries designed to increase national reliance on 
renewable energy from American farms. Empirical data on yields of switch- 
grass from a network of experimental plots were coupled with data on 
switchgrass physiology and switchgrass breeding progress to provide reason- 
able expectations for rates of improvement over current yields. Historical 
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breeding success with maize (Zea mays L.) was found to provide a reasonable 
model for projected linear rates of yield improvement of switchgrass based 
on documented progress to date. A physiologically based crop production 
model, ALMANAC, and an econometric model, POLYSYS, were utilized to 
estimate variability in switchgrass yield and resource utilization across the 
eastern two-thirds of the United States. ALMANAC provided yield esti- 
mates across 27 regional soil types and 13 years of weather data to estimate 
variability in relative rates of production and water use between switchgrass 
and maize. Current and future yield projections were used with POLYSYS to 
forecast rates of adaptation and economic impacts on regional agricultural 
markets. Significant positive impacts on US markets, including significant 
increases in farm income and significant reduction in the need for govern- 
ment subsidies, were projected. This was based on expected technological 
progress in developing biorefineries that will significantly increase national 
energy self-sufficiency by producing feed protein, transportation fuel, and 
electrical power from cellulosic feedstocks. © 2006, Elsevier Inc. 


I. INTRODUCTION 


While ethanol from maize is the dominant means by which renewable 
energy is channeled from sunlight to the transportation industry (Shapouri 
et al., 1995), switchgrass has become another strong candidate for produc- 
tion of bioenergy. Switchgrass is a native perennial, warm-season grass 
species within which selection has been practiced for forage and conserva- 
tion uses over the past half-century (Vogel et al., 1985). In 1991 it was 
selected as a candidate for utilization in production of bioenergy and bio- 
products (McLaughlin and Kszos, 2005). Its strongest attributes include 
high biomass production capability and energy recovery capacity with 
low energy and material inputs, and excellent compatibility with existing 
agricultural practices. These qualities, combined with strong soil and water 
conservation values, and a high capacity to reduce emissions of greenhouse 
gases have led to switchgrass being considered as a potentially important 
component of a national energy strategy (McLaughlin et al., 2002). 

Despite criticism of ethanol production from maize based on low energy 
efficiency and adverse environmental impacts (Pimmentel et al., 2002), 
maize-based ethanol production has made an important beginning in the 
reduction of reliance of the United States on imported oil. Maize-based 
ethanol does displace significantly more oil than is used in its production 
(Shapouri et al., 1995). However, McLaughlin and Walsh (1998) suggested 
that the efficiency of energy conversion and reduction of greenhouse emis- 
sions through production of cellulosic ethanol from switchgrass could 
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exceed that from maize ethanol by more than an order of magnitude. Yet 
maize remains the standard biofuel feedstock, which provides a base that can 
ultimately be supplemented by other feedstocks, providing greater economic 
and environmental efficiencies. 

If switchgrass is to provide a viable supplement to ethanol from maize, 
biomass production levels of switchgrass must be determined as input for 
a national renewable energy strategy. The Role of Biomass in America’s 
Energy Future (RBAEF) project was initiated to help formulate such a 
strategy. The RBAEF project represents the most comprehensive effort in 
the United States to date that has focused on analysis of mature technology 
for production of energy from biomass. It has involved experts in bioenergy 
analysis from government and university coupled with active involvement of 
both conservation (Natural Resources Defense Council) and policy (Office 
of Energy Policy) organizations. The RBAEF project has considered over 20 
mature process technology scenarios for production of a broad range of 
fuels and electrical power from cellosic biomass. Reasonably optimistic 
forecasts for both biomass production and bioenergy conversion were eval- 
uated for a projected national network of biorefineries that could contribute 
to national energy self-sufficiency (Greene, 2004). Switchgrass was selected 
as the model crop for this study. In that context the research described herein 
has formed a basis for considering what role switchgrass could play in a 
national energy supply system. Such a system would incorporate the best 
foreseeable technology to produce energy and value-added products such as 
animal feed protein from cellulosic feedstocks. Yield levels will play a key 
role in the economics of such production and utilization systems as well as in 
determining the demographics of production. 

When discussing methods for increasing plant biomass yield, some terms 
describing yield must be defined. Two such terms commonly used are “‘yield 
potential” and “potential yield.” As used in this study, yield potential is the 
maximum yield (biomass or grain) levels that have been attained at any time for 
a specific genotype of a crop or grass under field conditions. In contrast, 
potential yield is the maximum predicted yield based on simulations founded 
in plausible physics, biochemistry, and physiology of the crop in its normal 
growing environment (Fischer and Evans, 1999). This yield is considered 
theoretically and physiologically possible based on maximum light interception 
and biochemical conversion of solar radiation into dry matter accumulation. 

Because maize production is a cornerstone of agricultural economics in 
North America, the historical improvement of maize yields represents an 
important standard from which to project future yield gains of other species 
with comparable production characteristics. Maize yield records for North 
America extend back more than 100 years and provide a template for both 
defining and understanding yield improvement through breeding and crop 
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physiological studies (Duvick, 1997; Tollenaar et al., 1994). Maize and 
switchgrass not only share the common trait of being useful bioenergy 
crops but are also similar in that both are warm-season, C4 species. However, 
maize is an annual with only the grain used for ethanol production while 
switchgrass is a perennial with the entire aboveground biomass used when 
energy is the endpoint. Maize is a good standard of comparison because of the 
extensive breeding for increased yields and the extensive physiological re- 
search on processes contributing to yield. Investigation of the physiology 
and breeding history of these two plant species, as related to increased yields, 
becomes important for studies of yield potential as a theoretical upper limit of 
yield increases achievable through breeding. 

In this chapter, we examine the past record of yield improvement in maize 
and the basis of those gains to provide a framework for projecting gains in 
yield of switchgrass. A necessary component of these analyses has been 
comparisons of the agronomic characteristics, breeding history, and under- 
lying physiology of maize and switchgrass. We had three objectives in 
initiating this study. First, we wanted to evaluate potential yield improve- 
ment in switchgrass using maize breeding advances as a model. Second, we 
wanted to test and apply a physiologically based crop production model, 
ALMANAC (Kiniry et al., 1992), parametrized to switchgrass physiology 
to estimate both potential yield and yield potential of switchgrass. Finally, 
we wanted to describe links between productivity and production costs for 
regional projections of switchgrass utilization that would require widespread 
participation of the agricultural community of the United States in support- 
ing renewable energy production. Such participation must be based on 
switchgrass providing attractive economic alternatives to conventional 
crops. For these analyses we have used the econometric model POLYSYS 
(Ugarte and Ray, 2000). 


Il. PROJECTING YIELD GAINS IN SWITCHGRASS 
RELATIVE TO MAIZE 


A. Breepine History or Maize 


While maize was domesticated more than 7000 years ago (Goodman and 
Brown, 1988), the largest increases in yields occurred in the past 75 years as 
modern breeding techniques evolved (Duvick, 1997, 1999; Tollenaar et al., 
1994). Switchgrass breeding has a much shorter history, with selection for 
yield increases and trait improvement having occurred only in the last few 
decades. However, this genetically diverse grass is an important component 
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of the North American tallgrass prairies and has undergone thousands of 
years of natural selection for persistence under the stresses imposed by 
grazing animals, principally bison (Bison bison), and fires (Steinauer and 
Collins, 1996). 

Since 1930, maize yield increases in the United States and Canada have been 
remarkably linear (Fig. 1) (derived from http://www.nass.usda.gov/Charts_ 
and_Maps/Field_Crops/cornyld.asp). The record of breeding progress in 
maize extends back over 130 years (Tollenaar et al., 1994) and reflects definitive 
stages of progress during the evolution of breeding approaches. Breeding 
strategies have progressed from initial mass selection in open-pollinated popu- 
lations to the breeding technology capitalizing on hybrid vigor captured in 
single crosses, double crosses, and finally, three-way crosses. Breeding for 
hybrid vigor began in maize in the early 1900s. The introduction of the first 
double cross hybrids in the 1930s and 1940s provided the largest gains in yields. 
Yields in the late 1990s achieved levels nearly five times those in the early 1930s. 
The mean rate of gain was 80-100 kg ha~! year”! for the United States. It is 
generally considered that, while heterosis has played an important role in maize 
hybrid yield increases and will continue to contribute to yield gains, the impor- 
tance of heterosis to absolute gains will likely decrease as inbreeding raises 
baseline yields (Duvick, 1999). 

The impressive maize yield gains have come only in part due to genetic 
improvements. Genetic gains have contributed 50-60% to the overall yield 
gains achieved with the remainder due to improved management (Duvick, 
1999). Gains in maize yield potential have been accompanied by improved 
physiological characteristics, making plants more resistant to stresses inher- 
ent at high-planting density. Understanding roles such changes have played 
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Figure 1 US maize yield gains in the last 30 years. US Department of Agriculture. 
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in yield gains is important to our objective of estimating how such gains can 
be mirrored with switchgrass. 


B. BREEDING Gans WITH PERENNIAL GRASSES 
INCLUDING SWITCHGRASS 


Scientific breeding of perennial grasses largely began in the mid-20th 
century and has been on a much smaller scale than for maize. Consequently, 
performance gains attributable to sustained breeding of perennial grasses, in 
general, are much less than for maize. Additionally, the number, scope, and 
duration of breeding programs have varied greatly with perennial grass 
species, contributing to substantial differences among species in breeding 
gains. 

Articles addressing genetic gains, made mainly in important cool-season 
perennial grass species, indicate differences associated with traits, species, 
and geographic regions (Casler, 2001; Casler et al., 2000; Wilkins and 
Humphreys, 2003). Casler et al. (2000) compared smooth bromegrass 
(Bromus inermis Leyss.) cultivars developed in the United States between 
1942 and 1995 with cultivars predating 1942. While no genetic gains in dry 
biomass yields (DBY) were detected among the cultivars developed between 
1942 and 1995, the DBY of the post 1942 cultivars averaged 0.54 Mg ha! 
year '. Their mean DBY was 7.2% greater than the DBY of “Lincoln,” a 
direct representative of the first smooth bromegrass introduced into 
North America. They also reported small gains in brown leaf-spot resistance 
(0.21 units per decade), in vitro dry matter digestibility (IVDMD) (9 g kg"!, 
1.4%), and neutral detergent fiber (NDF) (-8 g kg !, —1.2%). The slow rate 
of genetic gain for DBY was attributed to the complex polyploid inheritance 
of smooth bromegrass, breeding emphasis on traits other than forage yield, 
and relatively little concerted attention from public and private breeders. 
Casler (2001) reviewed breeding efforts for improved forage nutritional value, 
reporting enhancements for several different species and indices (increased 
IVDMD, nylon bag dry matter digestibility, and protein, and decreased acid 
detergent fiber and lignin) ranging from 1 to 7% per cycle. Wilkins and 
Humphreys (2003) reported that over the past 50 years, gains in DBY of the 
important forage grass species have been 4-5% per decade in northwestern 
Europe, but only 0-1% per decade in the United States. Additionally, they 
state that gains in the dry matter digestibility of perennial ryegrass (Lolium 
perenne L.) in the United Kingdom have been 10 g kg! per decade, whereas in 
the United States little or no gain has been made, presumably reflecting the 
continental differences in amount of breeding effort and/or breeding objec- 
tives. Common expressions in the previously cited articles are that genetic 
gains in the perennial grasses have been limited mainly by lack of breeding 
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effort and that the largely unmined genetic diversity within these species offers 
potential for enormous breeding improvement. 

Significant breeding advances have been documented in several warm- 
season (C4) perennial grasses for DBY and other attributes. One well- 
known success story is with bermudagrass [Cynodon dactylon (L.) Pers.]. 
Bermudagrass breeding initiated by Burton in 1937 at Tifton, GA led to the 
release of “Coastal” bermudagrass in 1943 (Burton, 1947, 1954). Coastal 
bermudagrass DBY is nearly twice that of unselected common bermudagrass 
strains found in the southeastern United States (Adams and Stelly, 1958; 
Carreker et al., 1972). In addition, Burton (1982, 1985, 1992) and Burton 
and Mullinix (1998) increased DBY of bahiagrass (Paspalum notatum Fliigge 
var saurae Parodi) through systematic restricted recurrent phenotypic selec- 
tion (RRPS). Mean individual spaced plant DBY increased in bahiagrass 
population “A” from 364 g per plant in cycle 0 to 1767 g per plant in cycle 18, a 
gain in mean individual plant DBY of 78 g per RRPS cycle. In narrow base 
population “B,” mean spaced plant DBY increased from 823 g per plant in 
cycle 0 to 1427 g per plant in cycle 10, a gain in mean individual plant DBY of 
60 g per RRPS cycle. While RRPS increased the number of high-yielding 
plants and reduced the number of low-yielding plants in successive cycles, 
genetic variation for DBY remained high in the populations. Population A 
RRPS cycle 18 had two plants with DBY of 4540 g and 27 plants with DBY of 
only 454 g. 

Systematic breeding within switchgrass populations specifically for 
increased DBY is in its infancy, and yield gains of the first few breeding 
cycles have just been reported (McLaughlin and Kszoz, 2005). Many com- 
monly grown switchgrass cultivars are direct increases of naturally occurring 
strains (Vogel, 2000, 2004). Examples include the lowland ecotypes “Alamo” 
and “Kanlow,” and the upland ecotypes “Blackwell”? and ‘“‘Cave-in-rock.” 
Cyclic selection in switchgrass for increased nutritive value has been effective 
and has resulted in the release of “Trailblazer” and “Shawnee,” upland type 
cultivars adapted to the central United States (Vogel, 2004). 

The potential for increasing DBY in switchgrass is significant because of 
the large genetic variation within the species. There is substantial heritable 
variation in switchgrass for DBY and related performance traits (Hopkins 
et al., 1993; Newell and Eberhart, 1961; Talbert et al., 1983; Taliaferro et al., 
1999; Vogel et al., 1981). Additional basic information generated over the 
past decade has strengthened understanding of the biology of the species, 
providing a firm foundation for applied breeding improvement. 

Future breeding gains in switchgrass DBY will depend on the amount and 
consistency of effort expended and on continued refinement of breeding 
protocols. Better screens are needed to enhance the effectiveness and efficiency 
of selection. The RRPS protocol, used so successfully with bahiagrass, did not 
achieve the desired results with switchgrass in Nebraska and Oklahoma 
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(Hopkins et al., 1993; Taliaferro, 2002). Two cycles of RRPS failed to increase 
DBY in an upland population, but did provide linear gains in IVDMD 
through three cycles (Hopkins et al., 1993). Three cycles of RRPS for 
increased DBY in each of four populations (two upland and two lowland) 
gave generally desirable but mixed results in Oklahoma (Taliaferro, 2002). 
Yield gains per cycle varied from near 0 to a maximum of 6% and were not 
linear across cycles. Use of RRPS was relatively ineffective in identifying 
plants of superior breeding value in the establishment year, in large part 
because much of the growth during that year is belowground and not readily 
assessed by these techniques. Some switchgrass breeding programs are now 
using progeny testing as a basis for selection of plants with superior breeding 
value for DBY, a process known as genotypic recurrent selection. This 
procedure has been successful with many crops for many traits but is the 
most time consuming of the recurrent selection procedures (Fehr, 1987). Four 
to five years are required for each cycle. 

Rapid progress has been made using a novel honeycomb planting 
design (Fasoula and Fasoula, 1995) to promote phenotypic selection within 
a lowland switchgrass population developed from Alamo and Kanlow 
(Bouton, 2002). Data from preliminary testing indicated four synthetic culti- 
vars developed using elite plants selected from the population had 30% yield 
gains relative to parent populations of Alamo and Kanlow. The selection 
process occurred over 4 years and equated to an annual gain of 7.5%. This 
compares favorably with early gains in maize improvement in the United 
States, which ranged from 3.5—6.0% of baseline yields in the 1930s to 1.3-1.8% 
in the 1990s (Tollenaar et al., 1994). Average yield gains for maize made over 
70 years of breeding for commercial markets in Iowa have, as expected, been 
lower (0.7—1.2% per year) (Duvick, 1997). 


C. POTENTUL YIELDs oF MAZE AND SWITCHGRASS 


Our analyses suggest that upper limit yields (potential yields) of maize 
and switchgrass are similar. In simplest terms, potential yield is governed by 
how much radiant energy can be captured by the plant canopy and con- 
verted to harvestable biomass over an annual growing season. The key 
processes regulating potential yield are the leaf canopy size and longevity, 
and efficiency of canopy interception of radiant energy; the efficiency of 
conversion of radiant energy to photosynthetic products and plant biomass; 
and the relative allocation of carbohydrates to the physical and metabolic 
support of the whole plant system. Loomis and Amthor (1996, 1999) con- 
cluded that genetic control of photosynthesis and respiration is complex and 
relatively stable, such that the basic efficiency of these processes appears little 
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altered by crop domestication and breeding. They estimated that radiation 
use efficiency (RUE) of maize should be 4.6 g MJ~! of intercepted photo- 
synthetically active radiation. However, measured RUE values with high- 
yielding maize in the field are only 3.7-3.8 (Kiniry et al., 2004; Lindquist 
et al., 2005; Tollenaar and Aguilar, 1992). 

While neither the upper limits of photosynthesis nor the upper limits of 
yield potential have changed measurably (Tollenaar and Wu, 1999), the 
yielding ability of maize in the field has increased dramatically (Fig. 1). 
This is because maize yields are affected by tolerances to natural stress and 
responsiveness to management inputs (Fasoula and Fasoula, 2000). 

A side benefit of selecting higher maize yield has been increased resistance 
to stresses associated with high-yield production systems (Duvick, 1997; 
Tollenaar and Lee, 2002; Tollenaar and Wu, 1999; Tollenaar et al., 1994). 
Among the performance traits that have improved as maize yields have 
increased are: increased resistance to competition in high-density plantings 
(Tokatlidis, 2001); increased resistance to drought stress (Dwyer et al., 
1992); improved nitrogen use efficiency (McKay and Barber, 1986); reduced 
dark respiration (Earl and Tollenaar, 1998); improved source:sink relations 
(Rajcan and Tollenaar, 1999); improved canopy level efficiency at intercep- 
tion and utilization of radiation (Dwyer et al., 1991); and increased longevity 
of the productive maize canopy, a phenomenon referred to as “‘stay-green”’ 
(Tollenaar et al., 1994). While these traits have not played significant roles in 
breeding strategies to date, they could be important for increased future 
yields of maize or switchgrass. Their improvement for maize has been 
attributed to the trend in commercial breeding to include testing and selec- 
tion for performance across diverse testing environments, which included 
wide variations in these stresses (Tollenaar and Lee, 2002). 

Maximum grain yield potential attained by maize under field conditions is 
in the range of 15-20 Mg ha! (Tollenaar and Wu, 1999). These data 
represent record yields from a few individual fields. Maximum regional 
yields and countrywide commercial yields are lower than these maxima, 
in the range of 11 Mg ha™! for individual counties (National Agricultural 
Statistical Service, ftp://www.nass.usda.gov/pub/county/byyear/) to 13 Mgha' 
(5-year average) for the highest yielding hybrids in Texas (Pietsch 
et al., 1999). Yield potential of such irrigated maize in the field is 36-48% 
below potential yield, which has a theoretical maximum of 25 Mg ha! 
(Tollenaar, 1983). Average commercial yields of maize between 1980 
and 2000 in central North America were considerably less, in the range of 
6-7 Mg ha’! (Tollenaar and Lee, 2002). 

Yields of switchgrass have been evaluated in the Mid-Atlantic, Southeast, 
South-Central, and Northern Plains states through a network of field plots 
designed to evaluate existing commercially available varieties as well as new 
cultivars developed in an emerging breeding program (Fig. 2). These plots 
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Figure 2 Distribution of yield test sites and basic research activities supporting yield estimates 
and yield improvement potential in this study (after McLaughlin et al., 1999). The Oak Ridge 
National Laboratory (ORNL) Bioenergy Feedstock Development Program (BFDP) was a 10-year 
research program sponsored by the Department of Energy. “USDA-NRCS Plant Materials 
Centers—variety evaluation. 


have served to identify both the most productive varieties for various lati- 
tudes and to evaluate the influences of various management regimes, includ- 
ing cutting regimes (one or two harvests per year with variable harvesting 
dates), nitrogen form and application rates, and row spacing (45-120 cm). 
Early yield gains of 50% were made by identifying varieties that were best 
suited to each production region (McLaughlin and Kszos, 2005). 

The best available varieties identified over the 1991-2000 test period were 
the lowland ecotypes Alamo and Kanlow in the southern latitudes; Kanlow 
and an upland ecotype Cave-in-rock at mid-latitudes; and Cave-in-rock and 
another upland variety, Summer, in the northern latitudes. Average annual 
yields of the best adapted varieties in each region over 5-8 years (Table I) 
have ranged from 11 to 23 Mg ha! with a maximum individual plot/variety 
yield of 35 Mg ha™! year~' in Alabama (Sladden et al., 1991). These yields 
have been produced without irrigation on sites selected to represent agricul- 
tural land of moderate quality that would not likely be used for dominant 
cash crops such as maize or soybeans [Glycine max (L.) Merr.]. 
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Table I 
Annual Switchgrass Productivity in a Variety of US Test Environments in the Field 


Yield (Mg ha! year~') 








Location Sites Time (years) Average Range Maximum site 
Mid-Atlantic 8 8 13.9 10.9-17.5 27.4 
Georgia 2 5 16.2 16.1-16.3 23:2; 
Alabama 1 13 23.0 NA 34.6 
Alabama 5 8 12.9 10.4-15.8 24.6 
Texas 3 6 13.5 8.1-16.5 24.7 
Iowa 1 4 13.1 NA 17.5 
Nebraska 1 3 20.6 NA — 
North Dakota 2 2 11.0 9.8-12.2 13.8 


Average, range, and maximum 1-year yields of the best switchgrass varieties by site were determined 
by standard agricultural test plots. 


D. Wuote PLANT PRODUCTION IN MAIZE AND SWITCHGRASS 


Because harvested maize grain crop represents allocation of a portion of 
the captured and converted solar energy from the maize canopy, one must 
also know the harvest index (grain weight divided by total aboveground 
plant weight) to calculate total productivity of the maize crop. This is 
particularly relevant in comparing results of yield increases of a grain crop, 
like maize, with a cellulosic crop, like switchgrass, where total biomass 
production is the major emphasis. The harvest index of maize is 50-54% 
(Echarte and Andrade, 2003; Kiniry et al., 2002, 2004; Tollenaar, 1992). 
Unlike the increasing harvest index values that have tracked the trend in 
yield gains in some of the cereal grains, such as wheat (Fischer et al., 1998), 
the harvest index of maize has remained largely unchanged (Tollenaar, 
1989). With a maximum theoretical yield for maize of 25 Mg ha! and a 
harvest index of 54% (Echarte and Andrade, 2003; Kiniry et al., 2004), the 
calculated maximum aboveground productivity of maize is 46.3 Mg ha™!. 
Potential yield of maize on an individual plant basis is considered to have 
remained largely unchanged over the last several decades of yield increases 
(Duvick, 1997). What has improved is the performance of leaf canopies 
under intensive management for high yields. 

Estimates of maximum potential yields of switchgrass are similar to those 
of maize. Initial estimates of potential yields of switchgrass came from a 
space-planted nursery in eastern Tennessee at a location with the highest 
overall yields attained during the yield trials (Table II). Individual plants 
grown on a 1.2 m x 1.2 m spacing were harvested and weighed to deter- 
mine size distribution within a 1000-plant nursery initiated from seedlings 
produced in a greenhouse from tissue culture explants (Conger et al., 1996). 
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Table II 


Some Physiologically Based Production Characteristics of Switchgrass Based on Field Measurements 
of Accessions at a Germplasm Nursery in Tennessee, Oklahoma, and Texas (see text) 


Knoxville, Tennessee 


Maximum single-plant yield in a space-planted nursery from a 1000-plant nursery in 
tennessee (projected from 1.2 m x 1.2 m spaced planting) 


Average yield all plants: 
Most frequent yield: 
Highest yielding plant: 
“Max plot’’*: 


Stillwater, Oklahoma 1999 
Physiological characteristics 
Single-leaf photosynthesis 


Transpiration 


Stomatal conductance 


Water use efficiency 
(Ps/Tr) 


Dark respiration (4 varieties at 3 sites) 


Stevenville, Texas 1993 
Seasonal Ps 


Range: 

Top 3: 
Alamo: 
Range: 

Top 3: 
Alamo: 
Range: 

Top 3: 
Alamo: 
Range: 

Top 3(WUE): 
Top 3(Ps): 
Alamo: 
Range: 

3 Site average: 
Alamo: 


Alamo: 


Early (May 18): 


Later (July 16): 
Cave-in-rock 


Early (May 18): 


Later (July 16): 


20.6 Mg ha! year”! 

22.9 Mg ha“! year"! 
7.0 kg 

48.6 Mg ha™! year”! 


17.5-30.8 umol m~? s~! 
30.5 
27.9 
6.2-13.0 mmol m~? s7! 
11.83 
8.2 
0.16-0.30 mol m~? s~! 
0.29 
0.23 
2.08-3.77 umol mmol! 
3.71 
2.67 
3.6 
1.76-2.24 umol m~? s7! 
2.12 
1.98 


30.6 umol m~? s7! 


18.1 


27 
16.2 


“This is a projection of the yield potential of a field of plants all of which have the productive 
potential of the best plant in this 0.40 ha unirrigated test plot with a 1.2 m x 1.2 m planting 
density. 

WUE, water use efficiency; Ps, photosynthesis; Tr, transpiration. 

Source: Wullschleger et al. (1996a,b). 


These plots produced some of the highest yields in the test network in 1995. 
Estimates of the upper limits of field-scale yields based on the distribution of 
yields within the stand projected a maximum of 48.6 Mg ha! year! (based 
on a population at the level of the highest yielding plant). Similar calcula- 
tions based on the mode and average yields of individual plants were 22.9 
and 20.6 Mg ha! year", respectively. 
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The estimates of maximum annual potential yields of maize (46.3 Mg ha! 
year ') and switchgrass biomass (48.6 Mg ha | year” ') (Table II) are remark- 
ably similar, despite the differences in life strategy. Although both have the 
efficient C4 metabolism, the perennial life strategy of switchgrass dictates that 
the species’ persistence rests strongly on energy storage and mobilization 
from a much larger root system than the annual crop maize, which invests 
half of annual dry matter accumulation in grain. Estimates of the root mass of 
switchgrass from excavation studies at eight sites in the mid-Atlantic region 
averaged 15.1 Mg ha! and ranged from 31% to 60% of the total biomass 
above and below ground at harvest (Parrish et al., 2003). Similar work with 
Alamo switchgrass roots sampled with soil coring at final harvest in Texas 
showed that 30% and 37% of the total biomass were in the roots in a wet year 
and 60% and 73% in a dry year (Kiniry et al., 1999). 


I. PROJECTING SWITCHGRASS PERFORMANCE 
IN TIME AND SPACE WITH THE 
ALMANAC MODEL 


A. PHYSIOLOGICAL AND ECOLOGICAL TRAITS OF SWITCHGRASS 


While physiological criteria have had limited utility in increasing maize 
yields, the effects of maize breeding for greater yield on physiological 
traits indicate that such characteristics may be valuable in targeting 
increased yield in future breeding efforts when applied with the tools of 
molecular biology (Tollenaar et al., 1994). As a C4 species, switchgrass 
has high carbon fixation efficiency per unit of radiant energy absorbed. At 
0.060 mol CO, E~', the quantum yield (moles of CO, absorbed per micro- 
mole) is only slightly below that of maize (0.062 mol CO, E~’) (Ehleringer 
and Pearcy, 1983). Additional physiological characterization of switchgrass 
has been obtained from measurements within a switchgrass germplasm 
nursery near Stillwater, Oklahoma (Table II). Measurements included char- 
acterization of leaf level exchange of CO, and H,O, and seasonal changes in 
rates of photosynthesis. From such measurements, it was determined that 
there was high intraspecific variability in physiological characteristics 
of switchgrass cultivars and both the highest photosynthetic rates and 
water use efficiencies were clearly associated with highest yields among the 
45 varieties tested. Additional traits of switchgrass that are considered by the 
ALMANAC model (Kiniry et al., 1996) in estimating switchgrass yield 
potential include canopy bioenergetics and developmental characteristics, 
nutrient requirements at different growth stages, and contributions to soil 
quality (soil erosion, soil nutrient status, and soil carbon status). These traits 
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influence total carbon fixation and production potential, life cycle ener- 
getics, production economics, and potential environmental benefits from 
switchgrass production as a biofuel. 

The high investment by switchgrass and other perennial species in root 
biomass for storage and recovery of nutrients, diverting fixed carbon from 
harvestable aboveground biomass, represents an important agronomic 
benefit of these species. It leads to lower requirements for supplemental 
water and nutrients and hence more stable and cost-effective yields. In 
addition, the high root turnover in the soil can increase soil organic carbon, 
which improves soil quality, leading to improved soil and water conservation 
(Garten and Wullschleger, 2000; McLaughlin and Walsh, 1998). Ultimately, 
optimization of switchgrass production to balance the mixture of resource 
use efficiency, total energy and bioproduct recovery, production economics, 
and fuel quality should be important components of an implementation 
strategy for utilization of cellulosic crops in bioenergy and bioproduct 
production. 


B. ParAMETRIZATION OF THE ALMANAC Mopet 


ALMANAC is a physiologically based crop production model designed 
to quantify key plant-environment interactions that influence productivity 
and resource use by a wide variety of agricultural crops (Kiniry et al., 1992). 
Parametrization of ALMANAC for estimating switchgrass productivity was 
based on previous work with Alamo switchgrass at several sites in Texas 
(Kiniry et al., 1996). Work at locations outside of Texas involved developing 
appropriate soil parameters to characterize water and nutrient supply po- 
tential of each location, and working with the degree days to maturity and 
the potential leaf area index (LAI) to provide realistic simulations of growth 
rates and growth dynamics. The model simulates the soil water balance, 
which requires realistic values for soil depth, soil water-holding capacity, 
and runoff curve number. Water availability for plant growth is simulated as 
a function of plant demand, atmospheric demand, rainfall input, and soil 
water drainage from the upper soil layers. Dry matter production is 
simulated with light interception using the Beer’s law (Monsi and Saeki, 
1953) and daily predictions of LAI. A realistic value for potential LAI is 
needed for each site. Stresses, such as drought or nutrient deficiency, can 
reduce LAI and biomass in the model. 

For analyses in this chapter, ALMANAC was used to check assumptions 
concerning current and potential yields of switchgrass across regions for 
which biocellulosic energy supply estimates were of interest. Four repre- 
sentative US locations were selected from a region-wide network of test 
locations for switchgrass productivity (McLaughlin and Kszos, 2005) with 


PROJECTING YIELD AND UTILIZATION OF SWITCHGRASS 281 


the idea of using published switchgrass yields to calibrate simulated yields 
before extending simulations across broader regions. These sites and respon- 
sible investigators were Beeville, TX (Bill Occumpaugh), the E.V. Smith site 
research stations near Tallassee, AL (David Bransby), and eastern Nebraska 
site near Nickerson, NE (Ken Vogel), and Blacksburg, VA (David Parrish). 

Plant parameters used in these simulations included RUE and light 
extinction coefficient (k) for Beer’s Law. The RUE was 4.7 g MJ ~! inter- 
cepted PAR and the k was —0.33 for all locations. These values were derived 
from field measurements at Temple, TX (Kiniry et al., 1999). We assumed 
the potential LAI was near 6.0 for the longer growing season locations and 
about half as large for the shortest growing season, driest location. Potential 
LAI was 5.8 for three of the locations and 2.7 for Mead, NE. The base 
temperature for calculation of growing degree days was 12°C, with an 
optimum of 25°C (Van Esbroeck, 1996). Values for degree days to maturity 
were calculated using the actual weather data for the sites. The values for 
degree days to maturity each year were 2600 in Alabama and Texas, 1400 in 
Nebraska, and 1100 in Virginia. 


C. Stmutatep YIELDs rrom ALMANAC Versus ACTUAL 
Yietps WITHIN THE REGION 


Working with United States Dept. of Agric.-Natural Resources Conser- 
vation Services (USDA-NRCS) soils data and National Oceanic and Atmo- 
spheric Administration (NOAA) weather data, we were able to simulate 
switchgrass yields for these four locations. When compared with available 
measured Alamo switchgrass yields, ALMANAC yield simulations were 
found to be in good agreement with yields attained in field test plots at 
these four locations (Table IT). 


Table III 
Comparison of Simulated Annual Yields of Switchgrass with Actual Yields in Research Plots 
at Four US Regional Locations 


Dry matter yield (Mg ha™! year!) 








Location Management Research plot ALMANAC simulation 
Blacksburg, VA 5-year mean 12.3 12.0 
Mead, NE 2-year mean 13.4 13.8 
Beeville, TX 1993 11.8 11.7 

1994 11.7 15.7 
Tallassee, AL 9-year mean-2 cut 10.5 10.6 


9-year mean-1 cut 10.1 10.2 
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Switchgrass yield potential was simulated with ALMANAC in this 
project to both estimate upper yield limits in the field under nonlimiting 
water and nutrient supply and to provide estimates of time-averaged regional 
yields that considered both temporal variability in climate and spatial 
variability in soils within regions. Simulated upper limit yields under 
field conditions with water and nutrient limitations removed were in the 
range of 50 Mg ha! year™' (results not shown), very similar to the scaled 
maximum plant yield observed in the Tennessee clonal nursery (Table I). 
Field-scale-yield simulations with ALMANAC, which included both 
weather-dependent variations over time (13 years) and spatial variability 
across 27 soil types, have provided estimations of both the level and varia- 
bility of yields to be expected under typical climatic variability across the 
study region. Both minimum and average yields within a region shown in 
Fig. 3 will be important in establishing required acreage to supply a bio- 
refinery plant with adequate feedstock. The higher ratio of minimum to 
average yield levels associated with the climate and soils in the Southeast 
and South-Central states suggest that the same land area in those states 
would provide a more dependable supply of feedstock than in the upper 
Midwest. 

Estimates of water use efficiency (WUE) in switchgrass based on empiri- 
cal data have also been used with ALMANAC both to explore the adequacy 
of rainfall across the region to supply moisture demands of high-yielding 
switchgrass and to compare switchgrass WUE with the demands of maize. 
In the first instance we calculated the adequacy of rainfall amounts 
across the study region to supply the moisture demands of a 66% increase 
in yields estimated to be possible by year 2025 based on breeding studies. 
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Figure 3 Potential variability in yields will be important to scaling feedstock production 
areas to maintain a continuous supply to large biorefinery systems. Here the ALMANAC model 
has been used to interface currently achieved yield levels in test plots with the influences of both 
soil type and climate variation to express the relative “risk” of lower than average feedstock 
supply capacity for each production unit. 
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Based on ALMANAC simulations of total crop water use (transpiration and 
evapotranspiration), moisture levels projected to be available from 13-year- 
average annual rainfall were adequate to meet the annual demands of 
switchgrass at projected yield levels (Fig. 4). By plotting projected yields 
across the region based on current yields, climate, and soil data (Fig. 5), 
estimates of changes in WUE with increasing yield can be also derived with 
ALMANAC. Higher values for WUE were clearly associated with higher 
yields (P < 0.01). Thus, we can expect improved WUE to be an offshoot of 
improved yields through breeding. This may make projected water demand 
(Fig. 4) somewhat less than we assumed. Such simulations will require 
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Figure 4 Estimated annual water use from ALMANAC for seven production regions at 
yield levels projected for 2025 suggests that average annual rainfall (13-year average) will exceed 
plant requirements in all areas except the US Southern Plains, where studies suggest that 
intermittent irrigation may strongly increase yields. The POLYSYS regions in the United States 
are Northeast (NE), Appalachia (AP), Corn Belt (CB), Lake States (LS), Southeast (SE), 
Southern Plains (SP), and Northern Plains (NP). 
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Figure5 Calculated WUE from 13-year average switchgrass production simulated across 27 
soil types by ALMANAC. 
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additional field data for validation but are compatible with physiological 
measurements of switchgrass under field conditions in a breeding nursery 
(Table II). 

In a second application of ALMANAC’s projections of WUE, we com- 
pared the relative water use of switchgrass and maize. In this application 
we have contrasted total crop water used by both cropping systems across 
27 soil types, 13 years, and 9 test regions. Across all regions, the WUE ratio 
of switchgrass to maize was 40% higher on a biomass production basis and 
over 300% higher on the basis of biomass production for bioenergy (grain 
only for maize). We compared WUE calculated both in terms of whole plant 
yield and on the basis of biomass actually used in energy conversion (Fig. 6). 
In the primary maize production regions of the Midwest, WUE expressed as 
total biomass production per unit of water used for maize and switchgrass is 
highly influenced by soil type, but these WUE values for the two species were 
similar overall. As one moves outside this region, however, the relative WUE 
is much higher for switchgrass than for maize. Because the grain is typically 
the only plant part of maize used for ethanol production and maize grain is 
only about half of the total aboveground biomass, maize grain WUE is 
necessarily less favorable relative to switchgrass. 
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Figure 6 Comparative water use efficiency (WUE) of switchgrass and maize across 3 soil 
types in each of 9 production regions. WUE values were derived with ALMANAC based on 
comparative yields and water use of the two crops averaged over 13 y of climatic data for each 
production region. 
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Finally, switchgrass yield estimates with ALMANAC have been used in 
providing important validation of yield assumptions in the region with an 
econometric model, POLYSYS (Ugarte and Ray, 2000). The POLYSYS 
model was used to evaluate the potential effects of yield and price of 
switchgrass on the US agricultural economy as discussed below. 


IV. ASSESSING ECONOMIC IMPACTS OF 
WIDESPREAD DEPLOYMENT OF SWITCHGRASS 
IN A NATIONAL BIOENERGY PROGRAM 


Regional analyses of the economic impacts of widespread utilization of a 
bioenergy crop have been assessed with POLYSYS, an econometric model 
developed for evaluating regional crop production economics (Ugarte and 
Ray, 2000). The POLYSYS model incorporates crop production data across 
305 agricultural districts within the eastern two-thirds of the United States 
for which USDA baseline crop production data are available. The model 
integrates data on crop yields, production costs, and sale prices to evaluate 
relative profitability and market penetration. Such information is important 
for policy analysis but can also reveal important information about relation- 
ships among price, yield, demand, and production demographics. The 
POLYSYS analyses indicated that average yields of a crop like switchgrass, 
which will likely be grown on marginal lands, will be influenced by the 
price paid for switchgrass (McLaughlin et al., 2002). Average US switch- 
grass yield was predicted to decrease from 11 to 9.0 Mg ha! year~' as the 
farm gate price increased from $30.3 Mg! and 3.1 million ha of supply area 
to $52.37 Mg! and 21 million ha of production (McLaughlin et al., 2002). 
This effect results from the influence of price on the minimum site quality 
on which the crop can be profitably grown and, hence, the minimum yield 
that will be economically viable in the induced supply stream. To project 
future yields of switchgrass we have assumed that, like maize, a steady rate 
of yield improvement of base yield levels can be maintained over multiple 
decades with a sustained and vigorous breeding program. Based on 3-5% 
per year gain demonstrated for some upland switchgrass varieties in the 
Midwest (Taliaferro, 2002) and the 7.5% per year gain for lowland varieties 
realized in a single study in the southeastern United States (Bouton, 2002), 
we estimated three average rates of improvement of baseline yield levels: one 
for upland varieties best adapted to the cooler, shorter growing season of the 
Northern Plains and Lake States (1.5% gain per year above baseline); an 
intermediate rate of 3% per year for the Cornbelt with intermediate condi- 
tions; and the highest rates (5% per year for lowland varieties grown in the 
southeastern United States). These improvement rates represent the mid to 
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upper range of improvement for commercial varieties based on past breeding 
research (McLaughlin and Kszos, 2005). 

Projected yields will be heavily dependent on the baseline yields used to 
calculate them. We used ALMANAC to estimate means and ranges of yields 
for three soil types within each of nine Agricultural Supply Districts upon 
which POLYSYS is based. Since POLYSYS yields are estimated field-scale 
yields based on expert opinion of agronomists within the regions, we pena- 
lized the ALMANAC yield estimates for each of nine POLYSYS subregions 
by 30% to adjust for overestimation of field-scale yields by smaller research 
plots. These adjusted yields generated with actual soils and 13 years of 
meteorological data are compared with the regional baseline POLYSYS 
yields in Table IV. Also included in this table are estimated yield gains for 
each of the respective regions in response to 10 years (2015) and 20 years 
(2025) of breeding at gain rates matched to regions as discussed earlier. 
Averaged annual yields of switchgrass estimated for 27 soil types in nine 
states by ALMANAC and aggregated into the three test regions in Table IV 
were 12.22 Mg ha | year ', 4% higher than baseline yields in POLYSYS for 
these same regions. Thus, we considered POLYSYS baseline and projected 
yields as reasonable estimates of field-scale yields to be expected over larger 
regions in the United States. 

In this study, we used POLYSYS to evaluate the influence of projected 
yield increases on the availability, price, and economic impacts of producing 
switchgrass as a feedstock for biorefineries in the RBAEF project. The 


Table IV 
Estimates of Annual Dry Matter Yield Potential for each of Seven US Production Regions Based 
on Annual Increase 1.5-5% per Year Over Current Baselines Yields 


Projected 
Baseline yields Almanac yields Annual future yields 
(Mg ha™! year~') (Mgha7! year~') gains (year™') (Mg ha™! year!) 





US production 





region Averages (ranges) Averages* (%) 2015 2025 
Northeast 10.89 (7.8-12.3) 1.5 12.6 14.20 
Appalachia 13.06 (9.8-14.76) 5 19.6 26.2 
Corn Belt 13.37 (11.07-15.05) 12.15 3 17.4 21.5 
Lake States 10.73 (7.83-13.42) 1.5 12.4 14.0 
Southeast 12.28 (7.60-14.42) 10.47 > 18.5 24.6 
Southern Plains 9.61 (5.70-13.37) 14.04 5 14.5 19.3 
Northern Plains 7.76 (4.47-12.28) 1.5 8.9 10.1 


“Yields were estimated with the ALMANAC model for six counties in each of three Agricultural 
Statistical Districts within each of the designated regions. Yields from ALMANAC represent 
averages of 13 years of simulation with a range of soil types and actual annual meteorological 
conditions with those regions. 
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endpoint time periods for estimation in this application were the years 2013 
and 2025. The 2013 estimation provided a 10-year maximum forward pro- 
jection from a 2003 USDA forecasting baseline available at the time these 
analyses began (i.e., the initiation year was 2004). Yield gains during this 
time period were at the rate specified in Table IV. The second projection 
endpoint, 2025, required extension beyond the USDA forecasts. For this 
application, the USDA forecasting framework was fixed at 2013 levels and 
dynamic factors were rates of yield gain (constant increase per year from 
2013 levels) and prices offered for switchgrass. Agricultural policy changes 
were restricted to assumptions about allowable export markets (constant or 
variable) and associated crop prices influenced by supply and demand. 
Annual rates of yield gain through breeding (Table IV) were considered to 
extend for a total of 22 years from the 2003 baseline for this application. 
With the POLYSYS model we combined anticipated rates of yield increase 
with a range of projected feedstock prices. Outputs from these simulations 
included total area on which switchgrass would likely be grown based on its 
relative profitability to farmers compared to conventional crops within each 
production region; the average yields and total production of switchgrass in 
these areas; changes in net returns to agriculture from switchgrass and other 
crops; and finally, reductions in government price support needed as a result 
of improved prices and farm income. 

Results of the POLYSYS simulations (Table V) indicated that introduc- 
tion of switchgrass as a bioenergy crop could have major and positive 
implications for the US agriculture. The level of these impacts will be 
influenced both by yield increases and by the price offered for switchgrass. 
At a minimum price of $33 Mg’, over 4.9 million ha are anticipated to be in 


production after the first 10 years (2013), producing 130 million Mg year™'. 


Table V 
Switchgrass-Planted Hectares, Production, Average Yield, Change in Net Crop 
Revenue and Average Annual Savings in Government Payments at Four Price Levels in 
Years 2013 and 2025 (Under Increasing Exports Baseline Assumption) 


Average annual 


National savings in 
Millions of | production Average yield Change in net government 
hectares (millions of (Mg ha! crop revenue payments 
Switchgrass planted Mg year~’) year ') (millions of $) (millions of $) 





price 
($ Mg’ 2013 2025 2013 2025 2013 2025 2013 2025 2013 2025 





33 5.1 7.6 62 130 11.95 17.18 3991 4936 715 1129 
44 7.4 11.4 84 182 11.35 15.90 6609 11,982 1647 1661 
55 10.6 14.9 118 227 11.12 15.25 13,690 20,587 2217 2011 


66 12.9 17.1 143 255 11.10 14.91 24,045 31,492 2419 2135 
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At $66 Mg ' these figures more than double in 2013 and more than triple by 
2025. Net farm income increases dramatically due to both improved profit- 
ability derived from substituting switchgrass for less productive crops as well 
as improved prices for other crops. The range in this projected effect is from 
$3.99 billion at $33 Mg! in 2013 to $32.5 billion at $66 Mg in 2025. 
Combined with and resulting from improved farm income are substantial 
reductions in the need for government subsidy payments. The magnitude 
of these reductions prorated to the quantity of switchgrass produced is on 
the order of $8.26 Mg! of switchgrass produced. Total benefits to agricul- 
ture of switchgrass produced under this scenario would be $123 Mg! or 
nearly twice the price offered for switchgrass as a bioenergy feedstock at the 
$66 Mg ' level in 2025. 

The relative effectiveness of price and yield on farm profitability are of 
particular interest relative to the emphasis of this paper on breeding poten- 
tial of switchgrass. Yields attained by 2013 and 2025 in Table V are lower 
than the projected yields based on breeding progress in Table IV. This is 
because POLYSY is a dynamic modeling tool that incorporates new and 
improved seed at the time when demand develops and fields planted to those 
seed sources remain in production for 10 years before they are planted to 
newer seed sources that become available later. Thus, the innate yield 
potential of fields in production in 2013 will be an aggregate of seed sources 
planted from 1 to 10 years earlier. 

Increasing yields through breeding as well as increasing the price offered 
to farmers for switchgrass can have dramatic effects on total switchgrass 
production (Fig. 7). Because of the dynamic nature of switchgrass introduc- 
tion into the marketplace discussed earlier, average switchgrass yields are 
projected to be only marginally improved by 2013. The geometric average 
yield across regions in the baseline condition in Table IV was 11.33 Mg ha! 
year_'. For this application we reduced this baseline yield by 10% by 
increasing the cutting height from 10 to 15 cm.! 

By 2014 the average simulated yield varies between 11.10 and 11.95 Mg 
ha! year~', a 10% increase over baseline. By 2025 the gain is an additional 
45% to 15.81 Mg ha’ year‘. Projections of the effects of an aggressive and 
successful breeding program must consider the time it will take to incorpo- 
rate genetically improved material into a large-scale production system. 
Because switchgrass takes 2-3 years to attain maximum yields after planting, 
reestablishing a switchgrass field with an improved variety will reduce aver- 
age yields over a 10-year cycle by around 15% from levels that might have 
been attained at full yield capacity for 10 years. 


'This translates into a baseline yield of 10.20 Mg ha~’ year~’ after imposing the 10% harvest 
penalty, resulting from increasing cutting height from 10 to 15 cm in the POLYSYS runs for this 
application. 
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Figure 7 Relationship between price offered to farmers for switchgrass and total switchgrass 
production at 10 and 20 years after an aggressive breeding program is projected to begin. 
The increase in total production in 2025 is due to rather modest increase in average yield of 
4.48 Mg ha"! year! (from 11.4 to 15.9 Mg ha”! year! in 10 years). 
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Figure 8 For year 2013, projected switchgrass production density at a delivered price of $44 
Mg"! at projected yield levels using POLYSYS stimulations of market penetration. Export 
levels of other crops are allowed to increase as switchgrass production increases. 
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Figure 9 For year 2025, projected switchgrass production density at a delivered price of $44 
Mg™' at projected yield levels with yields increased by intensive breeding efforts using 
POLYSYS simulations of market penetration. Export levels of other crops are allowed to 
increase as switchgrass production increases. 


The other major variable that will influence the rate of development of 
biofuels supply systems is the regional variability in production potential, a 
result of both land production capacity and regional economic factors which 
favor specific crops. Based on regional variability in production potential for 
the United States at $44 Mg™! in 2013 and 2025 (Figs. 8 and 9), potential 
productivity within the eastern half for the United States varies from 0 to 
over 4.5 million Mg within individual POLYSYS production units. By 2013, 
numerous locations are already projected to be able to supply more than the 
1.59 million Mg year! required to fuel a 4540 Mg day ' biorefinery of the 
type being proposed by the RBAEF project by 2013. This is based on a 
modest fuel price of $40 dry Mg ~! and relatively small effective increases in 
yield potential over present levels. In Fig. 10A and B the combined effects of 
projected yield increases to 2025, increasing the delivered price of switch- 
grass to $66 Mg —', and altering agricultural export policy are considered. 
Combined price and yield increases in 2025 would significantly increase 
the production density of switchgrass (Fig. 9 vs Fig. 10A) and the total 


PROJECTING YIELD AND UTILIZATION OF SWITCHGRASS 291 


2025 at $66 Mg" 






(Thous of Mg) 
C] zero 
up to 227 
(up to 455 
Bp to 911 
GB up to 1820 
HB up to 4550 
HM over 4550 





Switchgrass product 
(Thous of Mg) 


L] zero 

up to 227 
E up to 455 
m up to 911 
HE up to 1820 
HM up to 4550 
HE over 4550 


Figure 10 (A) With increasing exports of other crops, POLYSYS projection of regional 
switchgrass production density with both increasing price (delivered price of $66 Mg™') at yield 
levels projected to be obtained by year 2025 by intensive breeding efforts. (B) Identical to 
Fig. 10A, but with constant exports of other crops. 
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production by approximately threefolds (see also Fig. 7). In addition, changes 
in crop export limits posed on conventional crops with which switchgrass 
would compete for land can also influence switchgrass production levels. The 
POLYSYS simulations indicate that with unlimited export of these crops as 
assumed in Figs. 8, 9, and 10A, prices of these crops will rise as the land base 
on which they are grown shrinks and demand increases. As a consequence, 
conventional crops would become more competitive with switchgrass. By 
limiting exports of these crops, prices of these crops would be lower and 
switchgrass would become relatively more competitive. Thus, a flat export 
policy further increases the competitive potential and production density of 
switchgrass (Fig. 10B). 

Feedstock supply will be a vital component of efforts to achieve increased 
energy self-sufficiency on a national scale. Such systems will ultimately 
require utilization of multiple feedstocks to maximize US bioenergy and 
bioproduct potential. Dedicated feedstocks, such as switchgrass, should 
play an important supply-stabilizing role in such systems, and an aggressive 
breeding program building on past progress will be important in developing 
full production capacity. Recognition of the high efficiency of switchgrass in 
production of bioenergy per unit of input of both energy and water should 
be important considerations in maximizing energy production potential. 
Early comparisons of energy budgets of switchgrass and maize (McLaughlin 
and Walsh, 1998) indicated that energy gains from producing and converting 
switchgrass bioenergy to ethanol energy will be large (over threefold) 
for switchgrass. The input energy to produce switchgrass is only about 8% 
of the output energy in the biomass. With projected yield improvements 
described here, we expect this input energy to decrease even further. In 
addition, the favorable WUE of switchgrass should make it increasingly 
attractive in maximizing energy output efficiency on a landscape level. 
In the shorter term, strategic location of initial plants in regions with 
high innate production potential using the best available varieties should 
allow earlier initial deployment of commercial scale plants and testing of 
economically viable feedstock supply systems. 


V. CONCLUSIONS 


Similarities in the physiology and early breeding success between maize 
and switchgrass indicate that an aggressive breeding program similar to 
that of maize could lead to a doubling of yield of the best lowland varieties 
in 20-30 years to around 22 Mg ha! year! on areas of high production 
potential. The ALMANAC model and the POLYSYS model were used to 
make regional forecasts of the increase in switchgrass in regions having 
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conventional agricultural markets. These models simulated the total dry 
tonnage of switchgrass production, the increase in farm income, and reduc- 
tions in the level of government subsidies needed. Within 10 years of initiat- 
ing intensive breeding efforts, even at relatively lower switchgrass prices of 
$44 Mg", significant increases in farm income ($6.6 billion) and govern- 
ment subsidy reductions ($1.6 billion) are projected at yields only 10% higher 
than current capacity. Significant opportunities would exist for locating the 
first 4540 Mg day! biorefinery even at this early stage. After 20 years of 
yield improvement it is estimated that, at a price of $66 Mg ', 254 million 
Mg of switchgrass would be produced on more than 17 million ha of 
cropland on which switchgrass would be more profitable than conventional 
crops. This production is projected to increase net farm income by $31 
billion and reduce the need for government subsidies by $21 billion. An 
aggressive switchgrass breeding program using modern breeding techniques, 
including molecular biology, would provide significant economic gains to 
the nation as it searches for avenues of greater energy self-sufficiency. The 
lag time for incorporating the best new varieties into perennial grass agricul- 
ture systems dictates that such efforts should be initiated very early in the 
planning cycle to maximize their effects. 

Finally, the coupling of research results in basic physiology, breeding, 
yield management, and modeling production demographics and economics 
described here has been most useful in feeding national energy policy analy- 
sis in the RBAEF project. The results have contributed significantly to 
RBAEF analyses and recommendations, several of which were included in 
the Energy Policy Act (2005), and these results have important implications 
for future agronomic research and development. On the one hand they 
suggest that a large fraction of this nation’s transportation energy require- 
ments could be met with bioenergy feedstock production on currently man- 
aged lands with little or no additional land requirements. On the other hand 
they suggest that it can be very useful to address significant policy issues 
by coupling basic agronomic research with linked simulation models at 
multiple scales. 
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Bioenergy crops, 268-70. See also Maize; 
Switchgrass 
assessment of economic impact of, using 
POLYSYS model, 285-92 
Biofilm formation, bacteria, 192 
Biogeochemical processes measured by 
SR-FTIR spectromicroscopy 
application examples 
mycobacterial metabolization of 
pyrene in humic acid, 100-6 
rapid screening for remediation 
capability of a microbial 
community, 106-10 
reduction of hexavalent chromium by 
basalt-inhabiting aerobes, 
98-100 
instrumentations, 95-6 
spectral analysis, 97-8 
Biosolids, 2-3 
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class A, 4-6 
class B, 4-6 
production, methods for, 5 
Bovine spongiform encephalopathy (BSE), 
24-5 
Breeding strategies for maize, 270-2 
BSA. See Bulk segregant analysis 
BSE. See Bovine spongiform encephalopathy 
Bulk adsorption experiments, 188 
Bulk metal-adsorption experiments, 188 
Bulk segregant analysis (BSA), 247 
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Ca2*-dependent protein kinases 
(CDPK), 226 
Cadmium (Cd) adsorption 
enthalpies of, 190 
onto, range of bacterial consortia, 195 
onto bacterial consortia cultured from soil 
and aquatic environments, 194 
onto cultures of bacterial species, 193 
Caliciviruses, in class B biosolids, 17 
Campylobacter jejuni, in class B biosolids, 
12-13 
Capacitance sensors. See also Capacitance 
soil water content sensors 
flat electrode, 48, 50 
multisensor probe, 48-9 
single sensor, 48 
Capacitance soil water content measuring 
systems. See Capacitance soil water 
content sensors 
Capacitance soil water content sensors. 
See also Multisensor capacitance 
probe systems 
calibration, 53-7 
data logging and displaying, 51-3 
for determination of soilwater physical 
properties 
field soilwater storage, 62—4 
field unsaturated hydraulic 
conductivity, 64-6 
spatial and temporal distributions of 
soil physical properties, 66 
equipment design, 47 
multisensor probe system, 48-9 
single-sensor system, 48 
installation, 49-51 
air gaps between sensor and soil, 50 
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site selection, 49 
soil disturbance, 50 
for irrigation scheduling for different 
crops, 57—62 
principle of operation, 45-7 
software utilities in, 51-2 
CCM. See Constant capacitance model 
Cell wall adsorption, mechanistic studies of 
constraints on bacterial cell wall- 
protonation reactions, 183-8 
constraints on mechanisms of metal 
adsorption onto bacteria, 188-92 
partitioning relationships versus surface 
complexation modeling, 181-3 
Cell wall-functional groups 
constrain binding environment for metal 
cations on, 190 
protonation behavior of, 191 
Chickpea 
on-farm studies of, after seed priming, 
160-1 
in vitro analysis of germination response 
to seed priming of, 143-4 
Chromium, microbial transformation and 
detoxification of, in earth materials 
using SR-FTIR spectromicroscopy, 
93-4 
Chromium (VJ), microbial reduction of, by 
basalt-inhabiting aerobes, using 
SR-FTIR spectromicroscopy, 98-100 
Class B biosolids, pathogens in 
bacteria 
Campylobacter jejuni, 12-13 
Escherichia coli, 11-12 
Helicobacter pylori, 14 
Legionella spp., 14 
Listeria montocytogenes, 13—14 
Salmonella, 8-9 
Shigella, 9-11 
Staphylococcus aureus, 14-15 
Yersinia, 13 
enteric viruses, 15 
adenoviruses, 16 
astroviruses, 16-17 
caliciviruses, 17 
enteroviruses, 17 
hepatitis A and E viruses, 16 
other viruses, 18 
rotaviruses, 16-17 
helminths, 19-21 
Cold acclimation, 211 


Cold hardiness and freeze-induced 
desiccation of alfalfa, tolerance to, 
217-18 

Composting plant, endotoxins in, 23 

Constant capacitance model (CCM), 

183-4 
COR genes in alfalfa, identification and 
functions of, 229-30, 234 
antifreeze proteins, 232 
antioxidant defenses, 231-2 
dehydrin genes, 230-1 
pathogenesis-related proteins, 232-3 
superoxide dismutase (SOD), 231-2 
CO,-rich systems, 189 
Cotton 
on-farm studies of, after seed 
priming, 154 
in vitro analysis of germination response 
to seed priming of, 143 
in vitro emergence and early seedling 
growth in, after seed priming, 149 
Coxsackie virus, in class B biosolids, 17 
Crop nutrition, improvement after priming 
with macronutrients 
phosphorus, 163-4 
with micronutrients 
molybdenum, 165-6 
zinc, 164—5 

Crop production model. See ALMANAC 
model 

Crops, increased pest and disease resistance 
in, after priming, 166-7 

Crop stand establishment 

factors affecting, 132-3 
high temperature, 132-3 
soil-crust formation, 132-3 
soil moisture, 132-3 
inadequate, 131-2 
methods to improve 
depth of sowing, 135-6 
dry planting, 137 
seed priming, 138-9 
seed quality, 134 
timely sowing, 134-5 
transplanting seedlings, 137-8 

Crown depth, of forage legumes, 205 

Cryoprotective sugars in alfalfa, cold-induced 
accumulation of, and winter survival 
of alfalfa, 218-22 

Cryptosporidium oocysts, in class B biosolids, 
18-19 
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DBY. See Dry biomass yields 
Dehydrin genes, and alfalfa freezing 
tolerance, 230-1 
Disease stress, impact on alfalfa winter 
hardiness, 212-13 
DNA variants associated with freezing 
tolerance of alfalfa, identification of, 
246-7 
Donnan models, 184 
Downy mildew disease, 166 
Drip irrigation, 57-8 
Dry biomass yields (DBY), genetic gains in 
smooth bromegrass, 272 
for switchgrass, 273 
Dry planting of seeds, 137 
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Echovirus, in class B biosolids, 17 
Effective rainfall (ER), determination using 
MCP sensors, 68-70 
Electrophoretic mobility data, of cell 
wall, 182 
Elliott soil humic acid (ESHA), 104-5 
Emergence, seed 
high temperature effect on, 132-3 
priming effect on in vitro 
bambara groundnut, 149-50 
cotton, 149 
maize, 145-8 
sorghum, 148-9 
upland (direct-seeded) rice, 144-5 
wheat, 144 
soil surface crusts effect on, 133 
Endotoxins, in class B biosolids, 21—4 
aerosolized, detected downwind of 
biosolids operations, a wastewater 
treatment plant aeration basin, and 
a tractor operation, 24 
Enteric viruses, in class B biosolids, 15 
adenoviruses, 16 
astroviruses, 16-17 
caliciviruses, 17 
enteroviruses, 17 
hepatitis A and E viruses, 16 
rotaviruses, 16-17 
Enterohemorrhagic (EHEC) E. coli, 11-12 
Enteroviruses, in class B biosolids, 17 
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EnviroSCAN® capacitance sensors, 58 
ER. See Effective rainfall 
Escherichia coli, 185 
in class B biosolids, 11—12 
ET. See Evapotranspiration 
Ethanol production, crops for, 268-70. 
See also Maize; Switchgrass 
Eu-bacterial surface complexes, 189 
Eu binding onto Pseudomonas 
aeruginosa, 191 
Eu(III) adsorption measurements, 189 
Evapotranspiration (ET), estimation in 
shallow water table environments 
under Florida condition, 67 
Expressed sequence tags (ESTs) 
analysis, 229 
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Fall dormancy, and winter survival in 
alfalfa, 207-11 
Feedstocks, 292 
Finger millet, seed priming effect on 
characteristics of, 155 
Forage legume crops, 204-5. See also 
Alfalfa 
Forage production, advantages of, 205 
Freeze-induced desiccation and cold 
hardiness of alfalfa, tolerance to, 
217-18 
Freezing damage, in plants, 217 
Freezing tolerance of alfalfa 
conceptual approach to genetic control 
of, 248-50 
conceptual model for the genetic bases 
of, 249 
genetic selection for improving, 236-42 
genetic variability for 
freezing tests under controlled 
conditions, 235-6 
test winters and field 
selection, 235 
identification of DNA variants associated, 
246-7 
impact of environmental factors on 
fertilization and alfalfa winter 
hardiness, 214 
impact of disease on, 212-13 
photoperiod and temperature, 211-12 
soil moisture impact on, 213-14 
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model genetic systems and improvement 
of, 244-5 
poor drainage role, 213-14 
QTL mapping and genetic control of, 
242-4 
Freezing tolerance of dormant crowns, 
reductions in, 209 


G 


Galactinol synthesis, 220-1 
Gene expression modification of alfalfa, at 
low temperature, 224 
identification and functions of COR genes, 
229-34 
low-temperature signal transduction, 
225-9 
Genes of unknown function, 233-4 
Geochemical cycling of elements, 
microorganisms in, 80 
Germination of seeds 
high temperature effect on, 132-3 
soil surface crusts effect on, 133 
Germination response to on-farm seed 
priming, in vitro analysis of 
bambara groundnut, 144 
chickpea, 143-4 
cotton, 143 
maize, 142-3 
sorghum, 143 
upland (direct-seeded) rice, 142 
wheat, 141-2 
Giardia cysts, in class B biosolids, 18-19 
Gibbs—Donnan shell model, 185 
Groundnut seeds, deep sowing of, 136 


H 


Harvest index, of grain crop, 277 
Heaving, 206 
diurnal temperatures and, 207 
factors effecting, of alfalfa plants, 206-7 
soil drainage and, 207 
Helicobacter pylori, in class B biosolids, 14 
Helminths, in class B biosolids, 19-21 
Hepatitis A and E viruses, in class B 
biosolids, 16 
Heterosis, in maize, 271 
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Human whipworm. See Trichuris trichiura 

Humic acid (HA), mycobacterial 
metabolization of pyrene in, using 
SR-FTIR spectromicroscopy, 100-6 


Induced systemic resistance (ISR), 167 
Instantaneous profile method, for soilwater 
determination, 63 
Irrigation scheduling 
for different crops, by capacitance sensors, 
57-62 
system, integrated real-time, 61 


KARRA-1, 155 


L 


Land preparation, effect of timeliness 
of, 135 

Langmuir—Freundlich model (LF), 185 

Leaf area index (LAT), 280 

Legionella spp., in class B biosolids, 14 

Lentil, seed priming effect on characteristics 
of, 155 

Lipopolysaccharide (LPS), in class B 
biosolids, 21-4 

Listeria montocytogenes, in class B 
biosolids, 13-14 


M 


Maize emergence, high temperatures effect 
on, 133 
Maize (Zea mays L.), 268-9 
breeding history of, 270-2 
heterosis, 271 
effect of priming with water and 
phosphate as KH2POu, 164 
on-farm studies of, after seed priming, 
159-60 
potential yields in, 274-6 
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Maize (Zea mays L.) (cont. ) 
seed priming effect on characteristics of, 
151-2 
in vitro analysis of germination response 
to seed priming of, 142-3 
in vitro emergence and early seedling 
growth in, after seed priming, 
145-8 
whole plant production in switchgrass 
and, 277-9 
Malate dehydrogenase (MDH) activity, 
209, 236 
Marker-assisted selection, for cold adaptation 
in alfalfa, 242-7 
MCP. See Multisensor capacitance probe 
(MCP) systems 
Medicago sativa genomes, 244-5 
Medicago truncatula genomes, 244-5 
Metal adsorption 
mechanistic models of, 196 
reactions, stoichiometries of, 196 
Metal-bacterial adsorption, thermodynamic 
models of, 179 
Metal binding onto bacterial surfaces, 
calorimetric measurements of, 190 
Microsporidia, in class B biosolids, 19 
Mid-IR spectroscopy, 83 
Mitogen-activated protein kinase 
(MAPK), 227 
Molybdenum, effect on crop nutrition after 
priming, 165-6 
Multisensor capacitance probe (MCP) 
systems, 48-9 
to calculate different field water cycle 
components 
drainage below the root zone, 68 
effective rainfall (ER), 68-70 
plant water use, 66-8 
effect of fluctuation of soil temperature 
and soil salinity on performance of, 
70-2 
for soil water dynamics monitoring, 63 
Mungbean 
on-farm studies of, after seed priming, 
161-2 
seed priming effect on characteristics of, 
154-5 
Mycobacterial metabolization of pyrene in 
humic acid, using SR-FTIR 
spectromicroscopy, 100-6 
Mycobacterium sp. JLS, 103-4 
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Necator americanus, 19-21 
NEM. See Nonelectrostatic model 
Neutron scattering (NS), for water 
management, 44-5 
Nitrogen 
effect on crop nutrition after priming, 162 
grain yield of primed- and nonprimed 
wheat at four levels of applied, in 
Punjab, 163 
Nonelectrostatic model (NEM), 185-6 


o 


“On-farm” seed priming, 139—40 
added value: improved crop nutrition 
macronutrients, 162-4 
micronutrients, 164-6 
added value: increased pest and disease 
resistance, 166-7 
on-farm studies, 155 
chickpea, 160-1 
maize, 159-60 
mungbean, 161-2 
sorghum, 160 
upland (direct-seeded) rice, 157-9 
wheat, 156 
research station studies 
cotton, 154 
finger millet, 155 
lentil, 155 
maize, 151-2 
mungbean, 154-5 
pearl millet, 153—4 
sorghum, 152-3 
upland (direct-seeded) rice, 151 
wheat, 150-1 
safe limits for, 139-40 
in vitro emergence and early seedling 
growth 
bambara groundnut, 149-50 
cotton, 149 
maize, 145-8 
sorghum, 148-9 
upland (direct-seeded) rice, 144-5 
wheat, 144 
in vitro investigations of rate and extent of 
germination 
bambara groundnut, 144 
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chickpea, 143-4 

cotton, 143 

maize, 142-3 

sorghum, 143 

upland (direct-seeded) rice, 142 
wheat, 141-2 


P 


Panicum virgatum L. See Switchgrass 
Pathogenesis-related (PR) proteins, in alfalfa 
freezing tolerance, 233 
Pathogens, in biosolids. See also Pathogens in 
class B biosolids 
removal by sewage treatment processes, 
6-8, 11 
risk-based evaluation of potential hazards 
by 
off-site exposure of bioaerosols to 
residents in communities close 
to land application sites, 31-2 
on-site exposure from land-applied 
biosolids, 29-30 
on-site exposure to workers via 
bioaerosols generated during 
land application of biosolids, 
30-1 
transport and survival of 
via air, 27-9 
via soil and groundwater, 25-7 
Pathogens in class B biosolids 
bacteria 
Campylobacter jejuni, 12-13 
Escherichia coli, 11-12 
Helicobacter pylori, 14 
Legionella spp., 14 
Listeria montocytogenes, 13—14 
Salmonella, 8-9 
Shigella, 9-11 
Staphylococcus aureus, 14-15 
Yersinia, 13 
enteric viruses, 15 
adenoviruses, 16 
astroviruses, 16-17 
caliciviruses, 17 
enteroviruses, 17 
hepatitis A and E viruses, 16 
other viruses, 18 
rotaviruses, 16-17 
helminths, 19-21 
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other biological concerns in biosolids 
antibiotic-resistant bacteria, 21 
endotoxins, 21-4 
prions, 24-5 
protozoan pathogens, 18-19 
Pearl millet, 131-2 
seed priming effect on characteristics of, 
153-4 
Perennial grasses, breeding gains with, 
272-4 
Perennial ryegrass (Lolium perenne L.), 
genetic gains in, 272-3 
Phosphorus, effect on crop nutrition after 
priming, 163-4 
Photoperiod, impact on freezing tolerance 
of alfalfa, 211-12 
Planting of seeds 
depth of, 135-6 
deep planting, 135 
shallow planting, 135 
in dry period, 137 
Polycyclic aromatic hydrocarbons (PAHs), 
101-3 
POLYSYS model, assessment of economic 
impacts of switchgrass using, 
285-92 
Potassium (K) nutrition, effect on alfalfa 
winter hardiness, 214 
Potential yields, of crops, 269 
of maize and switchgrass, 274-6 
processes regulating, 274 
Potentiometric titration(s), 191 
experiments for bacterial surface 
protonation, 187-8 
Prions, in class B biosolids, 24—5 
Processes to further reduce pathogens 
(PFRP), 4, 9 
Processes to significantly reduce pathogens 
(PSRP), for Class B biosolids, 4, 8 
Proline, in cold acclimation of alfalfa, 
222-3 
Proton adsorption onto, range of bacterial 
consortia, 195 
Protozoan pathogens, in class B biosolids 
Cryptosporidium oocysts, 18-19 
Giardia cysts, 18-19 
Microsporidia, 19 
Protozoa survival, in soil, 26-7 
environmental factors affecting, 26 
Pseudomonas aeruginosa, Eu binding onto, 
190-1 
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Public perceptions of land application of 
biosolids with respect to pathogens, 
32-3 

Pyrene, mycobacterial metabolization of, in 
humic acid, using SR-FTIR 
spectromicroscopy, 100-6 

Pyrene-degrading bacterium. See 
Mycobacterium sp. JLS 

A!-pyrroline-5-carboxylate synthetase 
(PSCS), 223 


R 


Raffnose family oligosaccharides (RFO), 
219-20 
synthesis of, 220 
warm temperature effect on catabolism 
in, 221 
Remediation capability of a microbial 
community, rapid screening for, by 
SR-FTIR spectromicroscopy, 106-10 
Resowing, 131 
Restricted recurrent phenotypic selection 
(RRPS) protocol, for breeding gain, 
273-4 
Rhizobium, application through on-farm seed 
priming, 162 
Rhodococcus erythropolis A177, 185 
Risk assessments of hazards by biosolids 
off-site exposure of bioaerosols to 
residents in communities close to 
land application sites, 31-2 
on-site exposure from land-applied 
biosolids, 29-30 
on-site exposure to workers via 
bioaerosols generated during land 
application of biosolids, 30-1 
Rod sensors, 50 
Role of Biomass in America’s Energy Future 
(RBAEF) project, 269 
Root morphology, and winter survival in 
alfalfa, 205-7 
Rotaviruses, 16-17 
RRPS. See Restricted recurrent phenotypic 
selection protocol 
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Salmonella, in class B biosolids, 8—9 
Salmonellosis, 8 
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Sclerospora graminicola, 166 
SDS-PAGE. See Sodium dodecylsulfate 
polyacrylamide gel electrophoresis 
Seedling growth, in vitro emergence and early, 
effect of seed priming on 
bambara groundnut, 149-50 
cotton, 149 
maize, 145-8 
sorghum, 148-9 
upland (direct-seeded) rice, 144-5 
wheat, 144 
Seed(s) 
growth parameters of, 134 
priming of, 138-9. See also “On-farm” 
seed priming 
effect on seed sensitivity to high 
temperature, 148 
quality of, 134 
sowing, depth of, 135-6 
timely sowing of, 134-5 
Severe acute respiratory illness (SARS) 
virus, 18 
Sewage farms, 2 
Sewage sludge 
definition, 3—4 
treatment, 4-5 
for pathogens removal, 6-8, 11 
Shigella, in class B biosolids, 9-11 
Signal-to-noise ratio, comparison between 
thermal globar IR source, 
synchrotron, and, 89-90 
Signal transduction pathways, role in gene 
expression of alfalfa at low- 
temperature, 225-9 
Site selection, for installing capacitance 
sensors 
macrozone selection, 49 
microzone selection, 49 
Smal-seeded crops, 131 
Smooth bromegrass (Bromus inermis 
Leyss), 272 
Soaking seeds. See “On-farm” seed priming; 
Seed(s), priming of 
SOD. See Superoxide dismutase 
Sodium dodecylsulfate polyacrylamide gel 
electrophoresis (SDS-PAGE), 95 
Soil moisture, impact on freezing tolerance of 
alfalfa, 213-14 
Soil pH, effect on virus sorption, 27 
Soil physical properties, measurement using 
capacitance sensors, 66 
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Soil salinity effect on MCP sensors, 70-2 
Soil temperature effect on MCP sensors, 
70-2 
Soil water monitoring, 49 
system, real-time, 67-8 
Soil water physical properties, capacitance 
sensors for measuring 
field soilwater storage, 62-4 
field unsaturated hydraulic conductivity, 
64-6 
spatial and temporal distributions of soil 
physical properties, 66 
Soil water storage capacity (SWSC), 
determination by capacitance sensors, 
62-4 
Sorghum, 131 
emergence 
effect of soil crusts on, 133 
high temperatures effect on, 133 
on-farm studies of, after seed priming, 160 
seed priming effect on characteristics of, 
152-3 
in vitro analysis of germination response 
to seed priming of, 143 
in vitro emergence and early seedling 
growth in, after seed priming, 
148-9 
Sowing of seeds 
depth of, 135-6 
in dry period. See Planting of seeds, in dry 
period 
timely, 134-5 
Spectral analysis, of biogeochemical processes 
by SR-FTIR spectromicroscopy, 
97-8 
SR-FTIR. See Synchrotron radiation-based 
Fourier transform infrared 
spectromicroscopy 
Staphylococcus aureus, in class B biosolids, 
14-15 
Starch hydrolysis, 218 
Superoxide dismutase (SOD), and alfalfa 
freezing tolerance, 231 
Surface complexation modeling, 182, 186-8 
adsorption in, 183 
application of, obstacles to, 192 
to real systems, challenges in applying, 
192-5 
Switchgrass (Panicum virgatum L.), 268-70 
annual productivity of, in a variety of US 
test environments in the field, 277 
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assessing economic impacts of deployment 
of, using POLYSYS model, 
285-92 
breeding gains with, 272-4 
ecotypes of, 273 
potential yields in, 274-6 
projecting performance of, in time and 
space with the ALMANAC model 
parametrization of ALMANAC 
model, 280-1 
physiological and ecological traits of 
switchgrass, 279-80 
simulated yields from ALMANAC 
versus actual yields within 
region, 282-5 
whole plant production in maize and, 
277-9 
SWSC. See Soil water storage capacity 
Synchrotron IR light sources, 87-90 
Synchrotron IR spectromicroscopy of 
biogeochemical systems, 90-5 
Synchrotron radiation, 87 
Synchrotron radiation-based Fourier 
transform infrared (SR-FTIR) 
spectromicroscopy, 83-7 
biogeochemical processes measured by 
application examples, 98—110 
instrumentations, 95-6 
spectral analysis in, 97-8 
future aspects of, 110-11 
synchrotron IR light sources, 87—90 
synchrotron IR spectromicroscopy of 
biogeochemical systems, 90-5 
Systemic acquired resistance (SAR), 167 
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Taenia saginata, 19-21 
Taenia solium, 19-21 
Temperature 
effects on microbial transformation of 
redox sensitive elements, 92 
impact on freezing tolerance of alfalfa, 
211-12 
Thellungiella salsuginea, 245 
Thermal globars, for IR source, 85-6 
Theta probe sensor, 48 
Time-resolved laser-induced fluorescence 
spectroscopy (TRLFS), 191 
Total soil moisture (TSM), 66 
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Toxocara canis, 19-21 

Trichuris trichiura (human whipworm), 19-21 

TRLFS. See Time-resolved laser-induced 
fluorescence spectroscopy 

TSM. See Total soil moisture 


U 


Unsaturated hydraulic conductivity, 
measurement using capacitance 
sensors, 64-6 

Upland (direct-seeded) rice 

effects of seed priming on the yield of, 158 

on-farm studies of, after seed priming, 
157-9 

seed priming effect on characteristics 
of, 151 

in vitro analysis of germination response 
to seed priming of, 142 

in vitro emergence and early seedling 
growth in, after seed priming, 
144-5 

Uranyl-carbonate complexes, 189 
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Virus survival, in soil, 26-7 


WwW 


Wastewater. See Sewage sludge 
Water availability for plant growth, 
parameters simulating, 281 
Water content in soil, 53, 59 
depth-integrated soil water content, 60 
Water use efficiency (WUE), estimates in 
switchgrass and ALMANAC model, 
282-4 
Wheat 
on-farm studies of, after seed priming, 156 
seed priming effect on characteristics of, 
150-1 
in vitro analysis of germination response 
to seed priming of, 141-2 
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in vitro emergence and early seedling 
growth in, after seed 
priming, 144 
Winter hardiness of alfalfa 
autumn-cutting strategies impact 
on 215-17 
disease stress impact on, 212-13 
genetic selection for improving 236-41 
potassium and phosphorus fertilization 
impact on, 214 
selection for, 235 
Winter survival in alfalfa, 205-7 
molecular bases of 
amino acids, 222-4 
cold-induced accumulation of 
cryoprotective sugars, 
218-22 
tolerance to freeze-induced desiccation 
and cold hardiness of alfalfa, 
217-18 


x 


X-ray absorption spectroscopy (XAS), for 
constrain binding environment for 
metal cations on cell wall-functional 
groups, 190 


Y 


Yersinia enterocolitica, in class B biosolids, 13 
Yersinia pseudotuberculosis, in class B 
biosolids, 13 
Yield potential, of crops, 269 
gains in, of maize, 271-2 
traits of switchgrass considered by 
ALMANAC model in estimating, 
279-80 


Z 


Zea mays L. See Maize 
Zinc, effect on crop nutrition after priming, 
164-5 


